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Abstract

Binding kinetics play an important role in cancer diagnosis and therapeutics. However, current 

methods of quantifying binding kinetics fail to consider the three-dimensional environment 

that drugs and imaging agents experience in biological tissue. In response, a methodology to 

assay agent binding and dissociation in 3D tissue culture was developed using paired-agent 

molecular imaging principles. To test the methodology, the uptakes of ABY-029 (an IRDye 

800CW-labeled epidermal growth factor receptor (EGFR)-targeted antibody-mimetic) and IRDye 

700DX-carboxylate in 3D spheroids were measured in four different human cancer cell lines 

throughout staining and rinsing. A compartment model (optimized for the application) was then 

fit to the kinetic curves of both imaging agents to estimate binding and dissociation rate constants 

of the EGFR targeted ABY-029 agent. A linear correlation was observed between apparent 

association rate constant (k3) and the receptor concentration experimentally and in simulations 

(r = 0.99, p < 0.05). Additionally, a similar binding affinity profile compared to a gold standard 

method was determined by this model. This low-cost methodology to quantify imaging agent or 

drug binding affinity in clinically relevant 3D tumor spheroid models, can be used to guide timing 

of imaging in molecular guided surgery and could have implications in drug development.
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1. Introduction

Enormous efforts have been undertaken in drug discovery and development to identify 

targeted molecules that possess suitable characteristics for cancer targeted diagnostics and 

therapeutics (1–3). The likelihoods of a drug or imaging agent to bind and dissociate from 

the biological molecule it is targeted to play important roles in evaluating and optimizing 

drug/imaging agent dosing, and in the case of imaging agent, timing of imaging after dosing. 

One aspect of this is binding affinity, Ka, which represents the likelihood a molecule to 

bind to the targeted site divided by the likelihood it will decouple from the binding site (4). 

Binding affinity is often reported by Kd, the equilibrium dissociation constant, which is the 

inverse of affinity and has units of concentration. However, there is evidence that the binding 

affinity may not be sufficient to provide a complete understanding of drug binding efficacy 

(5;6). Not only does the affinity parameter mask the temporal characteristic of binding (how 

fast does binding equilibrium occur), the physiological density of the biological molecular 

site being targeted (the availability of drug or imaging agent targets) affects likelihood of 

binding and is ignored by the affinity parameter (7–9).

Several techniques are currently used to analyze the binding kinetics of a compound to 

a target. Surface plasmon resonance (SPR) is a common biosensor-based technique for 

characterizing the affinity and kinetics of drug binding that is now considered the gold 

standard for academic and industry applications (10). This technique works by tethering 

a binding site to a surface and monitoring a change in mass as the drug/agent binds to 

the affixed target. It is a highly sensitive and precise tool that requires very low sample 

volumes (11). However, SPR requires immobilization of functional targets that make it less 

ideal for some applications; for instance, captured antibodies can nonspecifically bind small 

molecules (12). In addition, this technique can be costly and less accessible, therefore 

making it less suitable in some research settings. Biolayer interferometry (BLI) is an 

alternative for evaluating binding kinetics: this is an optical biosensor-based technique that 

monitors the molecules bound in real time by analyzing a shift of interference pattern of 

white light reflected from the biosensor tip (13). It is a convenient and reliable method to 

perform kinetic measurements with relatively high throughput. However, it also requires 

immobilization of target binding sites, and the detection sensitivity is lower than SPR (14).

The major drawback of target immobilization in SPR and BLI is that it can affect 

the binding characteristics owing to the restricted movement (15), and make it difficult 

to assume similarity of measured parameters to drug-receptor interaction in the native 

environment (i.e., living cells). Additionally, many of the current techniques for cancer 

diagnostics and therapeutic drug screening rely on 2-D in vitro experiments, where cell lines 

are cultured in artificial conditions that do not fully recapitulate the tumor microenvironment 

morphologically and physiologically (16–20). Although preclinical studies rely heavily on 

animal tumor models, they may introduce a mixture of confounding effects on analyses. 

These factors may all contribute to the poor success of anticancer drug development—

new cancer drug approval rates are <5% (18). In response, we developed a paired-agent 

fluorescence imaging method for evaluating fluorescently labelled drug or imaging agent 

binding kinetics in 3-D cancer spheroids. In this study, the goal was to demonstrate this cost-

effective, easy-to-adopt method to independently estimate association and disassociation rate 
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constants in a more relevant and translatable in vitro system. One example of a specific 

application for this assay has been its use in guiding optimal staining and rinsing strategies 

of excised lymph nodes to aid in rapid assessment of cancer-bearing status for cancer staging 

(21–25).

2 Methods and Materials

2.1 Compartment models for paired-agent kinetic analysis

Paired-agent modeling encompasses all molecular imaging methods that incorporate 

coadministration of a targeted imaging agent with a suitable control (untargeted) imaging 

agent. The signal from the control agent is used to account for nonspecific uptake and 

delivery effects on the targeted agent that can obfuscate measurement of specific binding. 

In this work, a methodology was developed to approximate targeted imaging agent/drug 

binding kinetics, which was derived from relatively simplistic compartment modeling, that 

has been previously described (26). The specifics of the modeling employed here are 

depicted in Fig. 1. Briefly, the concentration of the control and targeted agents in the 

staining solution is represented as Cs, C and Cs, T, respectively. Rate constants, k1, X and k2, X, 

represent transport of the the agents between the staining solution concentration Cs, X  and 

the interstitial “free” space compartment Cf, X , which in this case is the agarose gel where 

the cancer spheroids are embedded (where X = C for the control agent and X = T  for the 

targeted agent). Assuming first order kinetics, the following differential equation can be 

constructed to model the rate of change of the control agent in the tissue medium (gel) as a 

function of time, t:

dCf, C(t)
dt = k1, CCs, C(t) − k2, CCf, C(t)

(1)

Eq. 1 can also be applied to describe the uptake of targeted agent in the interstitial space in 

the absence of targeted binding. However, in the presence of targeted binding (cancer in this 

case) an additional specific binding compartment, represented by the concentration of bound 

targeted agent, Cb, , was added. The first-order system of differential equations modeling the 

targeted agent was then defined as:

dCf, T t
dt = k1, TCs, T t − k2, T + k3 Cf, T t + k4Cb t

dCb t
dt = k3Cf, T t − k4Cb t ,

(2)

where k3 and k4 represent the rate constants governing the rate of association and dissociation 

of targeted agent to and from the binding site of the targeted biological molecule, 

respectively.
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If the targeted agent concentration is maintained at “trace” levels (i.e., binding sites remain 

below ~5% bound by the targeted agent), k3 can be considered a constant (27). Otherwise, 

the binding will be governed by second-order kinetics to incorporate saturation, such that:

k3 t = kon Bavail − Cb t ,

(3)

where kon represents the likelihood of binding per concentration of available binding sites, 

and Bavail is total concentration of receptors available to targeted agent prior to binding (28).

2.2 In vitro 3-D cell culture

Four human cancer cell lines, each expressing a different level of epidermal growth factor 

receptor (EGFR), were selected for this study. A431 (ATCC, Mansassas, VA), a human 

epidermoid carcinoma known to express a large amount of EGFR (29), was chosen to 

represent a high EGFR expressing cell line. MDA-MB-231 (ATCC, Mansassas, VA), a 

human breast adenocarcinoma cell line, and BT-474 (ATCC, Mansassas, VA), a human 

mammary ductal carcinoma cell line, were selected to represent moderate and low levels of 

EGFR expression, respectively (30). SW620 (provided by Gibbs Lab at Oregon Health and 

Science University), a human colon adenocarcinoma cell line, was selected as a negative 

control owing to its negligible EGFR expression (31). All cell lines were cultured in 

Dulbecco’s modified Eagle medium (DMEM, Corning, NY) with supplements of 10% fetal 

bovine serum (FBS, HyClone, Logan, Utah) and 1% Penicillin/Streptomycin (Gibco, Grand 

Island, NY) at 37 °C in a humidified atmosphere of 5% CO2 in air.

To better recapitulate the in vivo microenvironment morphologically and physiologically 

(16–20), cancer cell spheroids were cultured to represent tumors in a 3-D architecture. 

Spheroid formation has been described previously (32). In brief, 1×104 suspended cells in 

150 μL of culture medium containing 0.24% (w/v) methycellulose were seeded in each well 

of a round-bottom, non-tissue treated 96-well plate (Falcon, NY) and incubated for 3 days. 

Spheroid formation was confirmed under bright field microscopy.

Tumor spheroids were transferred from culture medium to a 1.5-mL microcentrifuge tube 

via a micropipette. Thirty spheroids were collected in each tube, then all spheroids were 

allowed to settle to the bottom of the tube by gravity. Medium supernatant was then 

removed, and spheroids were washed twice by phosphate-buffered saline (PBS), then 

resuspended in 250 μL of fresh PBS. The resuspended spheroids were mixed with 250 μL of 

0.6% (w/v) warm agarose gel solution and dispensed immediately into a 12-well plate. The 

plate was gently swirled to allow the spheroid-gel solution to cover the entire bottom surface 

of the plate, and all trapped air to be released. The plate was placed flat on ice for 15 min 

to allow the agarose solution to cool until it gelled completely. This procedure created an 

in vitro platform that encapsulated cancer spheroids in 0.3% agarose gel to further perform 

assessment in a more biologically relevant 3-D environment.
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2.3 Imaging protocol

The targeted agent ABY-029, a Good Laboratory Practices (GLP)-produced anti-EGFR 

Affibody molecule labeled with IRDye-800CW that is in phase 0 clinical trials (33; 34), was 

paired with IRDye-700DX carboxylate, a non-targeted small molecule imaging agent. The 

GLP-synthesized ABY-029 stock solutions were provided by the Samkoe lab at Dartmouth 

College (35). The IRDye-700DX carboxylate was converted from IRDye-700DX NHS ester 

(Licor Biosciences, Lincoln, NE) by dissolving IRDye-700DX NHS in PBS at a pH of 8.5. 

The solution was protected from light and gently stirred at room temperature for 5 h.

All images were acquired with an 85-μm resolution planar fluorescence imaging system 

(Pearl® Impulse, Licor Biosciences, Lincoln, NE) to image white light reflectance and 

fluorescence emission at 700–740 nm and 800–840 nm from the excitation at 685 nm 

and 785 nm, respectively. Pre-staining images of agarose gel embedded spheroids were 

acquired to measure and ultimately remove background signal and autofluorescence. A 

5-mL equimolar mixed solution of ABY-029 and IRDye-700DX carboxylate at a trace-level 

of 2-nM concentration was mixed with 2% (w/v) BSA in PBS and added onto the surface 

of the gel in each well. Caution was taken to slowly dispense the solution so that there 

was minimal disruption to the sample. The encapsulated spheroids were stained for 1 h 

total at room temperature, during which time, the 12-well plate was covered with aluminum 

foil to protect it from light. During the staining process, staining solution was removed 

and replaced to allow for images to be acquired on the Pearl imaging system at 15-min 

intervals to monitor the fluorescence of ABY-029 and IRDye-700DX carboxylate. Excess 

solution on the gel surface was carefully removed to prevent signal measurement errors 

caused by staining solution residue. The embedded stained spheroids were then followed by 

four subsequent rinses in 5 mL of PBS with 15 min per rinse. Images were acquired at each 

rinse after carefully removing all rinsing saline from the well (Fig. 2).

2.4 Image post-processing

Images were analyzed using in-house code written in MATLAB (R2018b, Mathwork, 

Natick, MA) on a pixel-by-pixel basis. Pre-injection images were subtracted from all post-

injection images (following motion correction using rigid body translation/rotation in built 

in MATLAB functions) to remove the effects of background autofluorescence. A circular 

region-of-interest (ROI) of ~600 μm diameter was selected over tumor spheroids, visible on 

the white-light Pearl images. Spheroids embedded within 5 mm off the edge of the wells 

were excluded from analyses owing to observed distortion of the fluorescence by the well 

wall. Fluorescence signal of all analyzed tumor spheroids in the same well were averaged at 

each time point and the mean signals were used to represent entire wells.

2.5 Estimating kinetic parameters

The kinetic parameters of k1, C and k2, C, the rates of exchange of the imaging agent between 

Cs, C, the staining solution concentration, to Cf, C, the interstitial free space, were extrapolated 

by fitting the analytical solution of a one-compartment model (Eq. 4) to the temporal 

fluorescence signal of the control agent in each well, independently:
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ROIC t = ηCCs, C t k1, C
k2, C

1 − e−k2, Ct ⋅ u t − 1 − e−k2, C t − ts ⋅ u t − ts

(4)

where ROIC represents the uptake/retention of the control agent in the region of interest; 

and ηC is the correction factor relating detected control agent signal to control agent 

concentration, which was estimated by measuring the fluorescence signal of the stock 

solution.

By assuming similarity between k1, C, k2, C and k1, T, k2, T—the transport kinetics between the 

staining solution and free space of the control agent and targeted agent to be the same (i.e., 

k1, C = k1, T, k2, C = k2, T)—the solutions to the differential equations in Eq. 2 can be written as 

follows:

ROIT(t) = ηT{aCs, C(t) 1 − e−ct
c ⋅ u(t) − 1 − e−c t − ts

c ⋅ u t − ts

+bCs, C(t) 1 − e−dt
d ⋅ u(t) − 1 − e−d t − ts

d ⋅ u t − ts }

(5)

with a = r ⋅ k3 + k4 − c
b = r ⋅ d − k3 − k4
c = (s − p)/2
d = (s + p)/2
p = s2 − q
q = 4k2k4
r = k1/p
s = k2 + k3 + k4

where ROIT represents the measured fluorescence signal curve of the targeted agent in the 

region of interest, and ηT represents the correction factor relating detected targeted agent 

signal to targeted agent concentration.

The rate of association and dissociation of the targeted agent, k3 and k4 respectively, were 

determined by nonlinear least squares fitting of Eq. 5 to measured uptake/retention of 

targeted agent in each well. The resulting kinetic parameters were then used in mathematical 

model simulations using Eq. 1 & 2 and compared to the experimental data.

2.6 Statistical analyses

A repeated-measures, two-way ANOVA, with cancer-type as a between-subjects factor 

and time as a within-subjects factor, was used to identify statistically significant effects 

of temporal uptake and washout kinetics of the targeted agent amongst different EGFR 

expression cancer types. To determine statistical significance between groups, one-way 

ANOVA was performed, followed by Tukey’s post-test for pairwise and multiple groups 

comparison. Linear regression was employed to evaluate the strength of the correlation 
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between experimental data and model-simulated data. Statistical significance was based on 

p < 0.05. All data are presented as mean ± sd.

3. Results

3.1 In vitro 3-D spheroids imaging

The representative fluorescence images of the control and targeted imaging agents 

(including the pre-staining images and subsequent images during the staining and rinsing 

process) in a well with high levels of EGFR expression cell spheroids are presented in Fig. 

3(a). Images acquired in the 700-nm channel in the Pearl system are shown in red and the 

fluorescence in the 800-nm channel in the Pearl system are shown in green. A background 

subtraction algorithm was applied to both imaging agent uptake curves to correct for 

background and autofluorescence signals. Fluorescence signal of individual spheroids were 

averaged and the mean fluorescence from both IRDye-700DX carboxylate and ABY-029 

were used to analyze their kinetics over time for each well. Fig 3(b) demonstrates the 

temporal average uptake and washout kinetics of ABY-029 in the spheroid-embedded wells 

(n = 5 wells for each group) for all cancer groups with different EGFR expression levels 

(High: A431, Moderate: MDA-MB-231, Low: BT-474, negative control: SW620), as well as 

the uptake of the control imaging agent. The results display the varied enhanced retention 

of the targeted agent in different cancer cell lines, where a proportionally greater separation 

was observed with the cancer type that expressed more EGFR between all cancer types. 

A repeated-measures ANOVA with cancer-type as a between-subjects factor and time as a 

within-subjects factor demonstrated that the temporal uptake of ABY-029 was significantly 

different among all cancer types (p < 0.01).

3.2 Kinetic parameters estimation

Kinetic parameters estimated by nonlinear least square fitting of Eq. (4) and (5) 

to the in vitro data are shown in Figure 4. Fig 4(a) presents the estimated k1

values as the mean± sd: 0.0021 ± 0.0004 min−1, 0.0018 ± 0.0003 min−1, 0.0016 ± 0.00007 min−1

and 0.0014 ± 0.0001 min−1, while Fig 4(b) shows the estimated k2 values were 

0.02 ± 0.002 min−1, 0.02 ± 0.002 min−1, 0.03 ± 0.002 min−1 and 0.03 ± 0.003 min−1 for A431 

(high), MDA-MB-231 (moderate), BT-474 (low) and SW620 (control), respectively. No 

significant differences were observed among the different cancer groups with these two 

parameters, which govern the transit of imaging agent between staining/rinsing solution 

and interstitial free space. Fig 4(c) presents the estimated association constant k3, with 

mean ± sd:0.04 ± 0.01 min−1, 0.02 ± 0.01 min−1, 0.005 ± 0.002 min−1 and 0.002 ± 0.0009 min−1

with decreasing EGFR expression levels. The average k3 from the high EGFR expression 

group (A431) was significantly higher p < 0.05  than moderate (MDA-MB-231) and low 

(BT-474) EGFR expression groups and the control group (SW620), while the value 

from the moderate group was significantly higher than the control group p < 0.05 . No 

statistical differences were observed among different groups in disassociation constant 

k4 estimation, with mean ± sd of 0.02 ± 0.009 min−1, 0.02 ± 0.01 min−1, 0.009 ± 0.02 min−1
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and 0.00007 ± 0.00004 min−1 for groups of A431, MDA-MB-231, BT-474 and SW620, 

respectively.

Figure 5 presents the validation of the model-estimated binding kinetic parameters. The 

estimated association rate constants, k3, were compared with the epidermal growth factor 

receptors per cell for all different cancer types. The human epidermoid carcinoma A431, 

which expresses about 2 × 106 receptors/cells, represented the high level of EGFR 

expression cancer group (30), with descending order of EGFR expression in MDA-MB-231 

and BT-474, while SW620 represented the no measurable receptor expression or control 

group (30; 31; 36). A statistically significant correlation (r = 0.99, p < 0.05) was observed 

between the association rate constant k3 and the EGFR expression levels among the cell lines 

(Fig 5(a)). These results demonstrated the feasibility of the model estimation as the rate 

constant k3 is theoretically proportional to the receptor concentration (28). The equilibrium 

disassociation constant KD  was determined by the ratio of dissociation constant, k4, to 

association constant, k3, with consideration of receptor concentration for different cell lines 

with varied levels of EGFR expression (Fig 5(b)). The total concentration of receptors 

available, Bavail, was estimated by the spherical expression on the area of a 300-μm spheroid 

with the reported cell surface EGFR density (37). Fig 5(b) demonstrated no appreciable 

differences between the high EGFR expression group and the moderate EGFR expression 

group. Meanwhile, considerably smaller values of binding affinity, KD, were observed in the 

low receptor density group.

3.3 Numerical simulations using estimated parameters

The model was further evaluated by simulating the concentration profile of the targeted 

and control agent using all estimated kinetic parameters from section 3.2 and compared 

with the in vitro experiments. Fig 6(a)–(d) shows the raw simulated data (shown in dashed 

lines) and experimental results (shown in solid lines) for both targeted agent (shown in 

green) and control agent (shown in red) with different cancer-type groups of A431, MDA-

MB-231, BT-474 and SW620, respectively. The average experimental data was displayed 

with standard deviation (n = 5 wells for each cancer type), and the shaded regions indicate 

the standard deviation of the simulated data (n = 5 for each cancer type) based on the 

estimated kinetic parameters from the experimental data.

To validate the accuracy of estimated parameters, root-mean-square error and R-squared 

regression values were calculated to evaluate the correlation of the simulated data with the 

model and the experimental data presented in Table 1. The root-mean-square error remained 

small among different cancer-type groups with various EGFR expression levels, and the 

R-squared values were > 0.97 for all groups.

4. Discussion

Evaluation of in vivo relevant binding kinetics and the rate constants of binding-site 

association and dissociation are critical for elucidating complexities of cancer diagnosis 

and treatment compared to more conventional measures of drug or imaging agent 

binding affinity on its own. At the molecular level, drug binding can be affected by the 
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microenvironment surrounding the site of binding; therefore, the binding kinetics tend 

to provide more information to better evaluate the clinical efficacy, duration of action, 

therapeutic differentiation, and safety profiles of the drug (9). The significance of these 

two indicators has been recognized now and covered in different review articles (5; 9). 

Although notable efforts have been made, cancer drug development has a significantly 

higher attrition rate than other therapeutic areas (38). Most current techniques of evaluating 

drug binding in vitro are costly and limited to two-dimensional biological studies that fail to 

recapitulate the tumor complexity profiles. In this study, a feasible methodology of modeling 

and estimating binding kinetics with paired-agent molecular imaging approaches in 3-D 

tumor spheroid tissue culture is presented. The results demonstrated the methodology’s 

capability of quantifying the parameters with a sufficient translational tumor model.

In vitro 3-D tumor cell culture model was used to provide a more complex and realistic 

environment of three-dimensional extracellular platform, which is much closer to clinical 

expression profiles, to perform the binding assays. To fully present their physiological 

form and function, the 3-D cancer spheroids were embedded in agarose gel. A softer 

concentration of 0.3% agarose in saline was selected to facilitate the imaging agent diffusion 

and minimize the external forces on the tumor spheroids. However, this gel-encapsulated 

technique created a challenge that made the direct measurement of kinetic rate constants 

of the compound interaction impossible. The paired-agent methodology has been applied to 

overcome this limitation by employing a control imaging agent to account for the diffusion 

and nonspecific retention of the targeted agent (26). A one-compartment model was used 

to calculate the kinetic parameters k1 and k2, which was used to estimate the exchange rate 

between the staining/rinsing solution and interstitial space-embedded gel. Fig 4(a) and (b) 

show that each estimated parameter exhibited low variance with no significant differences 

among different groups. The consistency of k1 and k2 across multiple cell lines make it 

reliable to further investigate the binding kinetics in the two-compartment model.

This model required that targeted and control agents share identical kinetics in the 

absence of binding. An anti-EGFR Affibody imaging agent, ABY-029, was selected to 

be the targeted agent and IRDye-700DX carboxylate was used as the control agent. The 

experiments were carried out in blank wells (n = 5 wells) with 0.3% agarose gel containing 

no cancer spheroids. and the kinetic curves showed a strong correlation of both imaging 

agents (r = 0.99, p < 0.01) over the entire staining and rinsing procedure (results not shown). 

The equivalence of rate constants k1 and k2 in control agent and targeted agent allowed 

the binding kinetics to be modelled with the two-compartment model. This is because 

the model relies on the assumptions that the different levels of agent-target binding Cb

to encapsulated spheroids have no measurable effects on the kinetic rate constants k1 and 

k2 (i.e. k1, C = k1, T, k2, C = k2, T), and that the ratio of bound imaging agent concentration to 

free imaging agent concentration remains relatively constant at all imaging times. These 

assumptions were tested by using the approximate kinetic parameters to the full kinetic 

model and comparing them with the experimental data (Table 1). This resulted in less than 

1% in averaged root-mean-square error amongst all cancer types with different levels of 

EGFR expression.
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Fig 4(c) shows the estimated association rate constant, k3, correlated well with the level 

of EGFR expression in the cell line tested, which is expected as k3 is posited to be 

the product of the total available receptor concentration (Bavail) on the on-rate of binding, 

kon (28). Plotting the association rate constant, k3, against the epidermal growth factor 

receptors per cell for all different cancer types (Fig 5 (a)), a strong correlation was observed 

(r = 0.99, p < 0.05), which further elucidated that the changes in k3 were proportional to 

the receptor concentration. Compared to high and moderate EGFR expression groups, 

the average estimated dissociation rate constant, k4, displayed smaller values in the low 

expression group with considerable variation, and over two-orders of magnitude smaller 

values were observed in the control group presented in Fig 4(d). The discrepancy in the 

estimations of dissociation rate constant, k4, may be owing to the low association rate 

constant, k3, as the model works by nonlinear least squares fitting of the measured signal of 

the imaging agent. Although the paired-agent approach possesses a highly sensitive profile 

that was able to detect enhanced retention in the cell lines known for low EGFR expression, 

the low values of estimation in k3 were compensated by low values of estimation in k4. These 

results suggested that receptor-overexpressing cell lines are preferred for optimal use of this 

binding kinetic modeling.

Alternatively, the variability in k4 could be linked to variability in levels of imaging 

agent cell internalization amongst the tumor cell lines. Some work has demonstrated that 

the affibodies used in this student can exhibit up to 20% cell internalization over 1 h 

of incubation in A431 cells (39). This is likely an overestimate of the likelihood for 

internalization since A431 is a very high over-expressor of EGFR. Moreover, this study 

was carried out in 2D cell culture where cell expansion over the dish leads to high surface-

area-to-volume, likely amplifying internalization potential over more clinically relevant 3-D 

culture methods as used here. According to simulations, a 20% internalization over 1 h of 

binding, with no leakage back out of the cell during the 1 h rinse stage in this work, would 

have led to a predicted underestimation of 20% on the k4 parameter measured, with no effect 

appreciable effect on the k3 parameter. Assuming internalization should scale with receptor 

concentration, the observation that k4, was similar in high and moderate expression groups 

(A431 and MDA-MB-231, respectively), suggests that internalization may not have been a 

dominating factor in these studies. Estimated k4 (analogous to in vitro koff ) for ABY-029 

to EGFR were lower than the values obtained in surface plasmon resonance studies, which 

were reported as 0.11 min−1 (35), compared to the ~0.02 min−1 reported here, which could 

point to significant internalization. However, several studies have suggested that the in vivo 
dissociation rate, k4, is expected to be smaller than in vitro (28). Further investigation is 

necessary to fully determine the effect internalization will have on this methodology. One 

option, for instance, to minimize effects of internalization, could be to reduce staining 

and rinsing times, considerably. This work represents a preliminary demonstration of the 

methodology and timing of staining and rinsing was not optimized.

KD was determined by the ratio of k4 to k3 with consideration of Bavail for different cell types. 

Bavail was estimated by the spherical expression on the surface area of a 300-μm spheroid 

with the reported cell surface EGFR density. For instance, the averaged A431 cell surface 
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EGFR density reported as 636/μm2 REF _Ref133907710 \ # 0 \h 37 , was applied to calculate 

the total receptor concentrations on the surface area of a 300-μm diameter spheroid. The 

averaged KD determination of ABY-029 to EGFR in A431 and MDA-MB-231 was found 

to be 6.7 ± 4.1nM, where a study of anti-EGFR Affibody molecules was found to have KD

values in the 5–10nM range (40). However, further simulation studies are necessary to 

validate this simplified estimation and accurately determine the total receptor expression in 

tumor spheroids.

Despite concerns about underestimation of k4, it is interesting that our in vitro estimates 

of KD (equilibrium disassociation constant) match well with in vivo methods, because 

of proportionally decreased estimates of k3. The smaller k4 values indicated that the 

estimated parameters with our model have potential to represent the in vivo profiles of 

biological activity and functions more accurately. However, a more comprehensive model 

with implementation of characterized cellular internalization is of interest for future work.

Binding site barrier effects, where high rates of binding at the spheroid surface can impede 

apparent diffusion of the targeted agent into the spheroid (41; 42), could also affect the 

results of the methodology to correlate to 2-D in vitro methods; however, initial diffusion 

modeling simulations suggest very little influence of binding-site barrier on ABY-029 

diffusion in small tumor spheroids (43). However, in cases where binding-site barrier were 

to influence ABY-029 diffusion, this could be seen as a further restriction of the number of 

“available” drug or imaging agent binding sites that would be realistic for in vivo cases but 

not captured by in vitro methods. Simulations that aim to guide optimization of drug dosing 

and scheduling or imaging agent dosing and time-of-imaging would benefit from methods 

like that presented in this paper that provide a more equivalent depiction of in vivo apparent 

binding kinetics.

In this study, we presented a low-cost, novel, and promising in vitro methodology to 

model binding kinetics on 3-D cancer spheroids using paired-agent imaging approaches. 

There are several significant preclinical implications that could benefit from this work. 

For cancer diagnosis, the estimated binding kinetics can provide in vivo kinetic uptake 

curves of targeted agent by incorporation of plasma input curves of the imaging agent to 

evaluate the optimal concentration and imaging time point to achieve the highest contrast-

to-noise ratio (CNR) in tumor discrimination (44). Moreover, the kinetic parameters could 

guide drug development, better evaluating the drug-to-target-binding effects in the temporal 

physiological in vivo environment, and therefore optimizing drug efficiency. To better 

simulate and characterize the biological information of human tumor, multicellular spheroid 

systems can be applied to this model to resemble cell heterogeneity, tumor vasculature and 

other physiological conditions operative in 3D microenvironments (45–47).

5. Conclusion

This study demonstrated the potential of a novel binding kinetic model paired with a 

3-D spheroid tumor cell culture platform to estimate two favorable kinetic parameters: 

association and dissociation rate constants. This cost-effective and robust approach will 
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allow the development of cancer diagnosis and therapeutics to identify and optimize the 

efficacy of the targeted molecules in a more clinically relevant model.
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Abbreviations, symbols, and terminology:

ABY-029 A fluorescently labeled antibody mimetic that is targeted to 

epidermal growth factor receptor

BLI Biolayer interferometry

Cb, C , Bound concentration of the control agent

Cf, C , Free concentration of the control agent

CS, C , Concentration of the control agent in the staining solution

Cb, T, Bound concentration of the targeted agent

Cf, T , Free concentration of the targeted agent

CS, T , Concentration of the targeted agent in the staining solution

EGFR Epidermal growth factor receptor

GLP Good laboratory practices

IRDye 700DX Commercial fluorescent molecular with peak emission near 

700 nm (LI-COR Biosciences, Lincoln, NE)

IRDye 800CW Commercial fluorescent molecular with peak emission near 

800 nm (LI-COR Biosciences, Lincoln, NE)

Ka , Association constant, “affinity”

Kd , Dissociation constant

k1, c, Rate constant governing transport of the control agent from 

staining solution to tissue culture

k2, C, Rate constant governing transport of the control agent from 

tissue culture to staining solution

k1, T , Rate constant governing transport of the targeted agent 

from staining solution to tissue culture

k2, T, Rate constant governing transport of the targeted agent 

from tissue culture to staining solution
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k3, Rate constant governing in vivo receptor binding

k4, Rate constant governing

SPR Surface plasmon resonance
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Figure 1. 
The compartment model for the control and targeted imaging agent. Cs, X represents the 

concentration of imaging agent staining solution, Cf, x represents the concentration of 

imaging agent in the interstitial free space, Cb represents the concentration of specifically 

bound targeted agent. k1, X and k2, X are the rates of exchange of the imaging agent between 

staining/rinsing solution and the interstitial space. k3 and k4 are the rate constants of agent-to-

target-site association and dissociation, respectively.
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Figure 2. 
Stepwise illustration of 3-D tumor spheroids staining and rinsing protocol in a well plate. 

(a)Tumor spheroids were formed in the round-bottom plate, (b) then embedded in 0.3% 

agarose gel and a background image was acquired to account for autofluorescence. (c) 5-mL 

mixed imaging agent solution was added to stain encapsulated spheroids for 1 h. (d) During 

the staining process, staining solution supernatant was removed and the fluorescence of the 

targeted agent and control agent were recorded at 15-min intervals. (e) Spheroids were then 

followed by 1-h rinsing with 5-mL PBS; rinsing solution was removed every 15 min and the 

fluorescence images were acquired (f).
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Figure 3. 
Kinetics of ABY-029 and IRDye-700DX carboxylate over time during staining and rinsing 

process. (a) Fluorescence images of a representative well of high EGFR expression cancer 

cell spheroids in the staining and rinsing procedure. Pre-staining images were acquired 

to evaluate background signal and autofluorescence. The top row represents the temporal 

signal acquired at 700 nm channel (shown in red) indicating the IRDye-700DX carboxylate 

fluorescence, and the bottom row represents the temporal signal acquired at 800 nm 

channel (shown in green) indicating ABY-029 fluorescence. (b) The average (mean ± sd) 

fluorescence for both imaging agents in n=5 wells for each cancer type as a function of time.
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Figure 4. 
Estimated kinetic parameters for different EGFR expression cancer-type groups (High: 

A431, Moderate:MDA-MB-231, Low: BT-474, Control: SW620). (a) k1 - rate constant 

governing the imaging agent transfer from staining/rinsing solution to interstitial space. (b) 

k2 - rate constant governing the imaging agent transfer from interstitial space out to staining/

rinsing solution. (c) k3 - rate constant governing the targeted agent from interstitial space 

associate with its specific receptor. (d) k4 - rate constant governing the separation of the 

bound imaging agent back into the interstitial space.
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Figure 5. 
Validation of estimated kinetic parameters. (a) Presents the correlation of the average 

association rate constant k3 of the A431, MDA-MB-231, BT-474 and SW620 groups to 

the corresponding EGFR expression level (r = 0.99, p < 0.05). (b) Shows the comparison of 

estimated binding affinity KD with the model in high, moderate and low receptor expression 

groups.
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Figure 6. 
Comparison of model-simulated data and in vitro experimental data. Experimental 

concentrations of targeted agent (green) and control agent (red) are shown as solid lines, 

while model-simulated data are shown as dashed lines. Standard deviation is shown as 

error bars in the experimental data, and as the shaded region for the simulated data. (a) – 

(d) show the concentration profile comparison of experimental and simulated data in high 

EGFR expression cell line A431, moderate EGFR expression cell line MDA-MB-231, low 

expression of EGFR in BT-474 and negative control cell line SW620, respectively.
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Table 1.

Correlations of in vitro experimental data and model-simulated data with fractional root-mean-square erro

Root-mean-square error R-squared

A431 (High) 0.009 ± 0.003 0.99 ±0.003

MDA-MB-231 (Moderate) 0.006 ±0.001 0.97 ±0.04

BT-474 (Low) 0.004 ± 0.0008 0.99 ±0.001

SW620 (Control) 0.003 ± 0.0009 0.99 ±0.001
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