Assessing the transport of receptor-mediated drug-delivery devices across cellular monolayers
Supplemental Text

Erik Brewera, Anthony M. Lowmanb
aDrexel University, 3201 Chestnut Street, Philadelphia, PA 19104 USA
bRowan University, 201 Mullica Hill Rd  Glassboro, NJ 08028 USA

This text accompaniment serves to further discuss the assumptions made in the adaptation of our cellular monolayer transport model. Please refer to the main manuscript for a detailed explanation of the materials and methods mentioned here.
(1) Assumption that the transferrin pathways kinetics in CaCo-2 cells are similar to those taken from literature
The cell line used in these studies, the human colorectal adenocarcinoma CaCo-2 line, is the most popular cellular model for monolayer drug permeability and transport. However, the rate constants for the model simulations were taken from kinetic studies in literature having used the human hematoma line HepG2[1, 2]. Thus, for the model to apply to these studies, we need to assume that any difference in the kinetics between these two cell lines are insignificant for our purposes.
To evaluate this assumption, we studied the impact of decreasing and increasing rate constant values on the outcome of basolateral transferrin transport in model simulations. By comparing the outcome of these simulations with experimental results, we could determine the impact of this assumption. Simulations were run as outlined in section 3 of the manuscript, with a starting apical transferrin concentration 10µg/ml. First, individual rate constants were modified to both half and double their literature values. The results of these simulations are plotted in Figure S-1.
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Figure S-1: Simulations of basolateral transferrin transport at 10µg/ml initial concentration with modified kinetic values. (A) Individual rate constants are reduced to 50% of their initial values. (B) Individual rate constants are increased to 200% of their initial values.



The simulations in figure S-1A demonstrate how the reduction of rate constants k-5, k-4, k1, k3, and k2 negatively impact the rate of basolateral transport, in order of increasing influence. On the other hand, k-1, representing the release of the bound ligand from the receptor, produces a faster rate of accumulation since this step negatively impacts it. The reverse order is shown in figure S-1B, indicating that the rate constant k2, representing the ligand-receptor complex internalization stage, is the rate-limiting step. Further simulations were thus performed on different values of k2, ranging from 5% to 200% of its literature value, to determine if changes in this or other steps could be observed experimentally. The results of these simulations are shown in figure S-2.
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Figure S-2: Simulations of basolateral transport with modified internalization rate values (k2). Values are indicated as a percent of their literature values.


Literature values predicted that basolateral transport would reach 90% of its capacity of 320fmol at approximately 60min before plateauing. Doubling this rate kinetic reaches this mark only 12min faster, while further increases (not shown) produces diminishing returns as other steps become rate-limiting. A decrease in this value produces more noticeable effects: A drop to 50% of that value requires 90min, while a further decrease to 25% of the initial value requires 145min while failing to reach to the 320fmol plateau threshold. As this step is further reduced, the trends becomes increasing linear in shape and deviate significantly from the plateau effect. 
The experimental results observed in figure 4, 5, 6, and 8 of the main text show that transported Tf levels appear to reach their plateau values within 60min of first being detected in the basolateral chamber (accounting for the lag), fitting the predicted model, and demonstrated none of the deviations observed in figure S-1 and S-2. This led us to conclude the assumption that the Tf pathway kinetics in Caco-2 cells are similar to literature HepG2 values. 
(2) Assumption of Equal Receptor Distribution 
The scatchard analyses determined the individual receptor binding site densities, from which we could calculate the total receptor pool for a monolayer. However, the monolayer partitions the receptor pool between the apical and basolateral sides, from which we need to assume a particular binding site distribution in order to run model simulations. To determine the effect of different distribution ratios on basolateral transport, we ran simulations with the receptor pool split between the two sides in varying ratios, the results of which are plotted in Figure S-2.
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Figure S-3: Assumption of Receptor Distribution Ratios



The original assumption that the receptor pool is split 50:50 between the two sides is the same result as the original simulation (figure 3 in the main text), which had a maximum basolateral Tf level of 323fmol. Ratio splits that favored higher apical levels produced higher basolateral Tf levels, with the 60:40 split resulting in 391fmol and the 70:30 split in 456fmol. On the other hand, ratios with higher basolateral-side distributions produced lower transported Tf levels, with a 40:60 ratio resulting in 261fmol and a 30:70 ratio 196fmol.
The simulations showed that basolateral transport is directly proportional to the available apical receptors. When the distribution favored the basolateral side, basolateral Tf transport has reduced due to the diminished apical receptor pool; Conversely, if the distribution ratio favored the apical side, basolateral transport was increased in a stoichiometric proportion to the increased ratio. 
Experimental studies resulted in a plateau level of 298±22fmol, less than what the 50:50 ratio predicted. This indicated one of two possible scenarios: either the assumption of equal receptor distribution was false, and the receptors pool slightly favored the basolateral side, or that the total receptor pool on both sides was less than predicted from the scatchard study. To determine if the basolateral receptor pool was significantly different from the apical side, reverse, basolateral-to-apical transport studies were conducted with the same Tf starting concentration (10µg/ml) and compared to apical-to-basolateral ones. The results of these two studies are shown in figure S-4. 
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	Figure S-4 Experimental results of forward and reverse transferrin transport at 10µg/ml starting concentrations. (A) Apical-to-basolateral transferrin transport, with samples collected from basolateral chamber. (B) Basolateral-to-apical transferrin transport, with samples collected from apical chamber.


Apical-to-basolateral transport resulted in an accumulation of 298±22fmol in the basolateral chamber, while the reverse, basolateral-to-apical transport studies resulted in an accumulation of 293±46fmol. Specific transport was shown to be diminished on both sides compared to the predicted model values, with no significant difference between the two sides, indicating that receptors are evenly distributed across both sides and validating this assumption. However, these conclusions do open the possibility that receptor degradation occurs over the course of the study, which would lead to a decrease in RME transport. Short-term receptor-density studies were carried out to determine if this were a possibility.
(3) Assumption that there is no receptor degradation or synthesis over the course of a transport study, and total receptor count remains the same
Previous models of RME-transport of cells in suspension assumed that receptor degradation and synthesis is negligible during the course of short-term experiments[1, 3-6]. Though we thought this assumption might be justified for our initial, 4hr transport studies, concerns were raised that the short-term repeat dose studies (section 2.4 of the main text), which subject the cells to longer periods of incubation with Tf, might be too long to consider this assumption valid.  
To determine if this had any effect on binding site densities, ligand-binding studies were conducted on cells incubated in similar fashion. Briefly, CaCo-2 cells were incubated with media to match that of the short-term study (section 2.4): First, cells were incubated with HBSS with 10µg/ml Tf for 4hrs, to mimic the first transport study; these cells were washed three times and incubated with growing media for 2hrs; after additional wash steps, the cells were incubated with HBSS for 1hr to deplete residual Tf levels; after a wash step, the cells were subject to HBSS with 10µg/ml Tf again for 4hrs to mimic the second study; the cells were then washed and collected for a binding site analysis, described in section 2.3.
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Figure S-5: Short-term ligand-binding study. Cells were previously subject to incubation with 10µg/ml Tf twice for periods of 4hrs each to mimic a short-term repeat dose study. The non-linear model fit is shown overlying the specific binding results


Results of the short-term ligand binding study are shown in figure S-5. The association constant, Ka, was calculated to be 1.15x108 M-1, which agreed with our previous result of 1.17x108 M-1 (figure 2, main text). The binding site density, calculated to be 1.08x106 sites/cell, also matched that of the initial study (1.09x106 sites/cell). A statistical analysis comparing the fits of the two models determined they were not significantly different. This indicates that short-term incubation of Caco-2 cells with saturating doses of human Tf do not significantly alter the number of available binding sites during this time frame. This validates the assumption that receptor concentration remains constant during the course of the single-day studies.
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