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List of Symbols 
Variables Unit Definition 

D cm2/s Diffusion constant of targeted agent 
D2 cm2/s Diffusion constant of cold dose 

Vint / Vtotal 

Vcell 

dimensionless fraction 
L 

Fraction of interstitial volume 
Cell volume 

Re molecules/cell Number of cell surface receptors per cell 
k1 
kon 

h−1 
M−1s−1 

Plasma clearance constant 
Surface receptor on-rate 

kcon M−1s−1 Surface receptor on-rate (cold dose) 
koff s−1 Surface receptor off-rate 
kcoff s−1 Surface receptor off-rate (cold dose) 
ke s−1 Internalization rate 

Cde dimensionless fraction Cytosolic delivery efficiency 
koff2 s-1 Intracellular off-rate 
k3 s-1 Intracellular degradation rate of targeted agent 
k4 s-1 Intracellular degradation rate of target protein 

kon2 M-1s-1 Intracellular on-rate 
k5 s-1 Intracellular complex degradation rate 
T molecules/cell Number of target proteins per cell 

TA 
B 
D 

M 
M 
M 

Concentration of therapeutic agent  
Complex between TA and Re 

Complex between cold dose and Re 
I complexes/cell Inhibitory complex of blocking agent and target 

TAcyto molecules/cell Therapeutic agent concentration in cytosol 
T0 molecules/cell Target protein level at t = 0 
ε dimensionless fraction Void fraction/available volume fraction for interstitial diffusion 

υint t μm/s Velocity of interstitial flow 
P m/s Microvascular permeability 
C M Concentration of cold dose protein 

SUPPLEMENTARY METHODS 

1. Design of the Mathematical Model 
A mathematical model was built which permits the evaluation of the importance of 

parameters related to the therapeutic or targeted agent (TA, protein that binds a cell sur-
face receptor) as well as the targeted tissue. The model was designed in part by building 
upon work from Thurber et al. regarding a model with cylindrical geometry (Krogh-cyl-
inder) for simulating antibody delivery in vivo. This model treats the tissue as a homoge-
nous medium in which cellular structures are not explicitly defined [1]. The model was 
built with COMSOL Multiphysics as a set of partial differential equations, with terms and 
boundary conditions incorporating those physical and biological phenomena that we rea-
soned would significantly influence cytosolic protein delivery and its therapeutic effects.  

For the Krogh cylinder, a narrow cylinder, representing a capillary, is encased by a 
larger cylinder, which constitutes the surrounding tissue. The wall of this inner cylinder 
is the endothelium, across which solute exchange occurs. The radius of the inner cylinder 
was chosen to be 2 μm, a value that represents a normal radius of capillaries found in the 
body [2]. The radius of the larger cylinder is determined by the diffusion limit of oxygen 
in tissues, which is approximately 100 μm [3]. Beyond this distance, insufficient oxygen 
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can be supplied to sustain cells, which can give rise to necrosis, as seen in many types of 
cancers [4].  

This cylindrical geometry is compressed to a single dimension in the model consid-
ering a radial symmetry. A single line represents the radius of the entire cylinder, with 
the inner lumen of the capillary found at r = 0–2 μm, the endothelial barrier at r = 2 μm, 
and the tissue at r = 2–102 μm. When convection is modelled, clearance by the lymphatic 
system is implicitly modelled at the furthest edge of tissue, at r = 102 μm, being equivalent 
to the degree of convection in the tissue. No lymphatic clearance was present in the con-
vectionless implementations of the model. 

2. In-Depth Explanation of Equations 
The partial differential equations compiled in Supplementary Table 1 (Equation 1-6) 

describe the transport of the targeted agent in the tissue interstitium, interactions with the 
cell surface receptors, and the formation of the cell surface-bound complex (see Equation 
(1), Equation (2), and Equation (3), respectively), as well as the internalization and trans-
location of the targeted agent into the cytosol. Additionally, interactions of the targeted 
agent with its target protein in the cytosol, and the formation of an inhibitory complex are 
described (see Equation (4), Equation (5), and Equation (6), respectively). Plasma clear-
ance of the targeted agent and the extravasation of the targeted agent were modelled as 
boundary conditions at r = 2 μm, whereas the equations of Supplementary Table 1 are 
only valid for r = to 2–102 μm. The concentration of a targeted agent in the capillary lumen 
was modelled to decay in a mono-exponential fashion according to the formula: ( ) =   (7)

where  (M) is the initial concentration of the targeted agent in the capillary (0 < r < 2 
μm), and =  ( ) , with  (h) being the plasma half-life of the targeted agent. 

The extravasation of the targeted agent across the endothelium is modelled by the 
solute flux formula: = − .  (8)

where . (cm/s) is the apparent endothelial permeability of the targeted agent. It was 
measured experimentally, and thus includes the effect of solvent drag caused by convec-
tion. Here,  is the difference in concentration, across the endothelium. 

As in Thurber et al. [1], we implemented a mixed boundary condition where both 
value and derivative are involved.  is added in the boundary condition to take into ac-
count the tumor porosity that decreases the apparent concentration in the tumor.              = − ( − ) (9)

In the extravascular space, the diffusion of the targeted agent in the matrix and the 
interstitial flow from the capillary, the contribution of convection, are modelled by the 
first two terms of Equation (1) (  (cm2/s) and  (μm/s)), which are the interstitial dif-
fusion coefficient of the targeted agent and the interstitial flow velocity, respectively.  

The interactions between the targeted agent and cellular receptors are modelled by 
considering the extravascular space to be a homogenous solution of cell receptors, , 
which is a geometric simplification from reality where receptors are locally clustered on 
cells or even on specific membrane domains on cells. Key properties such as overall den-
sity, affinity, and internalization rate are appropriately modeled; therefore, we consider 
this an acceptable simplification. Furthermore, Thurber et al. found this approach to yield 
simulated data in line with experimental findings [5]. The initial and steady-state molar 
concentrations of this solution are calculated from the receptor density by the following 
equation: 
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 ( ) =  
Vcell

(1 − Vint.

Vtotal
) (10)

where Vcell is the average volume of a cell, and Vint.

Vtotal
 is the fraction of interstitial volume to 

the total extravascular volume, with Vtotal = Vint. + Vall cells. Note that the void fraction (ε) is 
smaller than the fraction Vint.

Vtotal
  due to accessibility restrictions in small spaces that depend 

on the properties of the extracellular matrix. Hence, ε is also referred to as the available 
volume fraction. Values were taken from the literature (Supplementary Table 2).  

The synthesis of new receptors and the recycling of these receptors is modelled by 
the first and last terms of Equation (2).  is the internalization or endocytic rate constant, 
and when = , these terms cancel out to produce the steady state receptor concen-
tration.  

The binding and unbinding reactions of the targeted agent to the receptors are mod-
elled according to standard binding kinetics, with on- and off-rates:  

 +   ⇌   (11)

Terms containing kon and koff in Equation (1), Equation (2), and Equation (3) describe 
the binding of the targeted agent to the receptors; thus, the formation of the complex , 
and also the dissociation of this complex. Similar terms, containing kon 2 and koff 2, are used 
to describe the formation and dissociation of the inhibitory complex  inside the cytosol (see 
Equation (4), Equation (5), and Equation (6)). However, because the binding of the targeted 
agent to the receptors is limited to diffuse in the interstitial available volume only, the rate 
constant kon is divided by , the fraction of available extravascular volume for the tar-
geted agent, which is also known as the void fraction. The internalization of the targeted 
agent is modelled by the third term of Equation (3) ( ) and depends on the internaliza-
tion rate constant  and the complex concentration B. 

The translocation of the targeted agent from the endosome to the cytosol is in turn 
given by the first term of Equation (4). The cytosolic delivery efficiency, , is the pa-
rameter that describes how efficiently this process occurs as a fraction, meaning that when 

 = 0.1, only 10 % of the endocytosed targeted agents reach the cytosol. Translocation 
occurs instantaneously in the model. The degradation of the targeted agent, as well as that 
of the inhibitory complex, are modelled with the rate constants  and , respectively. 
Similarly, the endogenous target protein is degraded according to its own degradation 
constant, . Target protein synthesis is modelled in Equation (5), similarly to receptor 
synthesis, to give a steady state concentration equal to the initial concentration given by 
Equation (12). 

 ( ) =  
Vcell

 (12)

3. Rationale for the Choice of Parameters 
A realistic plasma concentration reached after intravenous injection of anti-cancer 

monoclonal antibodies was chosen to be the default initial plasma concentration [6]. Note 
that our default size, 70 kDa, is smaller than the ~150 kDa of a full-length IgG antibody. 

The plasma half-life of Laronidase (2.55 h), an 83 kDa therapeutic enzyme, was used as 
the default half-life for this model [7]. Three other FDA-approved proteins, between 65 
and 70 kDa, have very similar half-lives of 2–3 h: Aprotinin, Desirudin, and recombinant C1 
esterase inhibitor [8]. Moreover, 80 kDa minibodies have plasma half-lives of 2.2–3.5 h [9].  
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The apparent microvascular permeability (Papp) and diffusion coefficient (D) were 
taken from studies for a 70 kDa dextran with xenografts in dorsal-skinfold chambers in 
mice [10] and in rabbit ear-chambers [11], respectively. The interstitial flow velocity, vint, 
was measured with bovine serum albumin (BSA) by fluorescence photobleaching, also in 
a rabbit ear-chamber tumor model [12]. The available interstitial volume fraction or void 
fraction (ε) was experimentally measured in rat mammary tumors for IgG [13], and has 
been used in similar tumor models [14,15]. 

For the epithelial cell adhesion molecule (EpCAM) the receptor density, Re0, in the 
MCF-7 cell line was used [16]. The kon and koff rate constants used for the binding of the 
cell surface receptors were those of Ec1, an EpCAM-binding DARPin [17]. The rate of in-
ternalization, ke, was derived from flow cytometry data of an anti-EpCAM antibody up-
take in SKOV-3 cells [18]. 

The median calculated half-life of the HeLa cell proteome was used as the half-life, 
t1/2, of both the target protein T and the complex I [19]. The average cell volume, Vcell, of 
MCF-7 cells was used [20]. The interstitial fluid volume fraction, Vint/Vtotal, was measured 
with small molecule tracers ex vivo in rat fibrosarcoma xenograft tissue [21]. The steady-
state target concentration of the target protein was close to the median concentration of 
all proteins determined by mass spectrometry proteome analysis in yeast [22]. 

The rate constants chosen for the binding of an intracellular target protein, kon2 and 
koff2, were those determined for the DARPin 012_F12 against BCL-xL by surface plasmon 
resonance [17].  

When normal tissue/skeletal muscle was modelled, a different tissue diameter was 
used to consider the reported intercapillary distances in skeletal muscle [23]; however, the 
capillary diameter was kept constant at 4 μm. Skeletal muscle was modelled with a 27 μm 
outer radius, resulting in 25 μm of “tissue radius”. When default protein delivery was 
modelled in these tissues, the microvascular permeabilities and diffusivities were those 
given in Supplementary Table 3 for targeted agents with a molecular weight (MW) of 70 
kDa. The same plasma half-life as in Supplementary Table 2 was taken for simulations. 

4. Dependency of Delivery and Inhibition on Molecular Weight  
The comparability of values was a priority as the parameters required for this analy-

sis were compiled. Despite modelling proteins, in some instances we preferred to take 
values for dextrans, for which parameters are more consistently reported and which al-
lowed us to avoid mixing too many different sources. Dextran permeabilities and diffu-
sivities were taken from in vivo measurements in the respective tissues (Supplementary 
Table 3). For permeability values in skeletal muscle, we used an experimental value de-
rived from inulin with a molecular weight of 5.5 kDa, and two other values were calcu-
lated from Peclet numbers and by varying hydraulic permeabilities in rat cremaster mus-
cle [24]. The ε value for muscle seen in Supplementary Table 3 was calculated as follows: 

( ) =  ( )/ Vint.

Vtotal
( )  ∗  Vint.

Vtotal
( )  (13)

For some simulations, the tumor was modelled with and without convection, reflect-
ing distinct tumor tissues or distinct areas within tumor tissues [25]. Skeletal muscle was 
modelled with convection, using a value of 0.59 μm/s for interstitial velocity [12].  

5. Dependence of Delivery and Inhibition on Receptor Affinity  
For the experiments in which the affinity of the targeted agent towards its cell recep-

tor was varied, we derived kon and koff values from Koffi, a binding kinetics database [26]. 
Specifically, we took 539 datapoints of protein and peptide interactions for affinities in the 
range of 10−5 to 10−12 and derived functions by linear regression describing the dependency 
of on- and off-rates on affinity: Log10(kon) = −0.35* KD + 2.26 (R2 of linear regression: 0.30) / 
Log10(koff) = 0.66 * KD + 2.38 (R2 of linear regression: 0.57) (Supplementary Figure 2). 
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6. Efficacy of Different Strategies to Improve Delivery and Inhibition  
Targeted Protein Degradation: The modelling of catalytic degradation by targeted 

agents was implemented using classical enzyme kinetics: 

  +   ⇌     (14)

The above equation was used to modify the partial differential equations (4) and  (6) 
from Supplementary Table 1), yielding the equations used to model catalytic inactivators 
(Supplementary Table 4, Equation (15) and Equation (16)). Our approach does not take 
into account the complexity of the individual steps of targeted protein degradation in-
cluding, but not limited to, the binding of the cellular machinery required for ubiquitina-
tion, ubiquitin substrate regulation, and possible saturation of proteasomal degradation 
[27]. 

The rate constant, kcat, is analogous to the rate constant with which an E3 ligase causes 
the mono-ubiquitination of its target. As a simplification in our model, we assumed that 
this activity results in degradation of the target protein. 

Catalysis rates of engineered catalytic inactivators have, to the best of our knowledge, 
not yet been reported; therefore, we employed reported catalytic rates of endogenous E3 
ligases to their targets. Our default kcat value was 0.93 min−1 for the ubiquitination of β-
catenin by the UbcH5c (E2) and the SCFβ-TrCP (E3) enzymes [28], although rates as high as 
0.43 s−1 have been reported for ubiquitin transfer to a peptide derived from phosphory-
lated human cyclin E/CCNE1 [29]. 

Cytosolic Half-life Extension: The extension of the cytosolic half-life of the targeted 
delivery agent was accomplished by changing the degradation rate constant of the intra-
cellular targeted agent, , appropriately. 

Cold Dosing: The cold dose was modelled by introducing two new partial differen-
tial equations (Supplementary Table 5): Equation (17) and Equation (19). Equation (17) 
describes the diffusion, convection and binding/release of the cold dose protein with the 
receptor. Equation (19) describes the evolution of the cold dose–receptor complex. Addi-
tional terms had to be added in Equation (2) to take into account the effect of cold dose on 
the free receptor; the modified equation is given in Equation (18). The time interval be-
tween cold and warm dose also had to be implemented. We used an equation similar to 
Equation (7) to describe the decay over time of the cold dose protein in plasma. ( ) =     (20)

where C0 is the initial concentration of cold dose protein in plasma. 
For the warm dose, we used the same decay function but shifted in time. This was 

implemented by using a step function to remove negative values: ( ) =  ( ) × ( − )  (21)

where H(t) is the Heavyside function (step function), and  is the timepoint at which 
the dose is delivered. A slight smoothing had to be added to the Heavyside function for 
numerical stability. 

The vascular permeability and interstitial diffusivity of 10 kDa dextran was used to 
model the cold dose (Supplementary Table 3). However, the plasma half-life and starting 
plasma concentrations were left unchanged (see Supplementary Table 2).  

Repeated dosing: Several doses were modelled in a similar manner to cold dosing. 
Several concentration decay functions were added and shifted at different delay times: 

( ) =  ( ) × ( − ) (22)
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where  is the number of doses, and  is the timepoint at which the nth dose is 
delivered. 

7. Technical Explanation of Outcome Measures 
The term “inhibition” is defined as the integral along the tissue radius, or area under 

the curve “AUC”, of the steady state (initial) target protein concentration (T0) minus the 
integral of the target protein concentration at that timepoint (T(t), i.e., inhibition = AUC(r) 
of T0—T(t)). This value mirrors the integral of the inhibitory complex concentration in the 
case of binding inhibition (“AUC(r) of I”) and facilitates the comparison to the degree of 
“inhibition” caused by, e.g., catalytic inactivators. This value changes over time; therefore, 
it can be used to visualize the time-dependency of the biological effect produced.  

The “maximum timepoint” is the timepoint when the concentration of the free target 
protein is at its lowest on average across the tissue radius “AUC(r) of T0—Tmax”, and, in 
the case of binding inhibition, that of the inhibitory complex is at its highest. This value is 
thus a measure of how deeply the targeted agent has penetrated into the tissue, and is 
strongly affected by properties of the binding-site barrier. 

The term “inhibitory effect” is the integral over time of the “inhibition”; “AUC(r,t) of 
T0—T(t)”. This value, unlike the “maximum inhibition”, takes the time factor into account 
and condenses this to a single value. It is affected by how deeply the biological effect pen-
etrates into the tissue and by how long it endures. It is therefore a less reliable indicator 
of the presence of a binding-site barrier. A targeted agent that penetrates very poorly into 
the tissue and delivers a large amount of cargo only to the first cell layers, where the effect 
is long-lasting, has a similar “inhibitory effect” to that of a targeted agent that delivers 
cargo more homogenously, whose effect is more spread out and therefore short-lived. 

 
Figure S1. Radius of simulated delivery and biological effect of a targeted peptide. (A) Simulation 
of radial and time-dependency of delivery of a model peptide (3.3 kDa, target affinity: 68 pM) in 
tumor tissue without convection. Lines represent different timepoints shown up to the point of 
maximum delivery, 17 h in this instance. (B) Depiction of the number of free cytosolic target pro-
teins for the situation where an inhibitory target-binding peptide is delivered under the same con-
ditions as in (A). Model assumptions are described in the Supplementary Methods. 
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Figure S2. Derivation of kon and koff rates utilized for varying the affinity in simulations. Kinetic 
data for protein–protein, protein–peptide, and peptide–peptide interactions were selected for af-
finities in the range of 1.0 × 1012 < Kd (M) < 1.0 × 10−5 from the Koffi kinetics database by Norval et 
al. [26]. Linear regression was used to produce formulas giving the dependency of the decadic 
logarithm of kon (A), and koff (B) on the decadic logarithm of Kd. 

 
Figure S3. Effect of receptor density on target protein inhibition. For other parameters, default 
conditions were utilized, as described in Figure 2A. Model assumptions are described in the Sup-
plementary Methods. 
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Figure S4. Heatmaps showing the maximum inhibition achieved by targeting receptors. Maxi-
mum inhibition was calculated for different expression levels and with targeted agents of varying 
affinities in tumors with and without convection. (A, B) Heatmap for a receptor with the internali-
zation rate of EpCAM of 0.002 min−1 [18] in tumors without and with convection, respectively; (C, 
D) same as (A, B), but for a receptor with the internalization rate of HER2 of 0.01 min−1 [30]; (E,F) 
same as (A, B), but for a receptor with the internalization rate of EGFR of 0.08 min−1 [30]. 
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Figure S5. Comparison of the maximum inhibition produced by different strategies. The maxi-
mum inhibition of a single dose yielding a plasma concentration of 1 μM was evaluated in tumors 
that exhibit convection and those that do not. Cyto t1/2 × 100 indicates a 100× longer half-life in the 
cytosol of the targeted agent. Cat. inactivat. refers to catalytic inactivators. Note that the y-axis 
reflects maximum inhibition, which is distinct from the inhibitory effect depicted on the y-axis in 
Figure 5G, as explained in the text. 

 

Table S1. Time-dependent partial differential equations of the model. 

TA in tissue 
TA rate

of change

= 1
Diffusion

−
Convection

−
Binding

+
Release

 
(1) 

Free receptor ∂t
Receptor rate

of change

=  
Receptor synthesis

+
Release

−
Binding

−
Internalization

 
(2) 

TA–receptor com-
plex  

 
Bound complex 
rate of change

=
Binding

−
Release

−
Internalization

 
(3) 

TA in cytosol 
TAcyto rate 

of change

=  11 − Vint.

Vtotal
cytosolic import 

+  
Release 

−  
Binding

−
Degradation

 
(4) 

Target protein 
Target rate 
of change

=
Target 

synthesis

+  
Release

−  
Binding

−
Degradation

 
(5) 
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TA–target complex 
in cytosol 

 
Complex rate 

of change

=  
Binding

− k I
Release

 − I
Degradation

 
 (6) 

The partial differential equations used for the model are given in Table S1. These six equations 
describe the changes in the free therapeutic protein in the interstitium (1), the unbound cell surface 
receptor (2), the surface complex of receptor and therapeutic protein (3), the free therapeutic pro-
tein delivered to the cytosol (4), the free cytosolic target protein (4), and lastly the inhibitory com-
plex of therapeutic protein and cytosolic target (5). 

Table S2. Default parameters (tumor tissue / 70 kDa protein). 

Parameter (units) Value Reference 
TA0-plasma (nM) 1000 * [6] 
t1/2(TAplasma) (h) 2.55 [7] 

P (cm/s) 9.8 × 10−7 [10] 
D (cm2/s) 1.9 × 10−7 [11] 
vint (μm/s) 0.55 [12] 
ε (n.a.) 0.24 [13,15] 

Re0 (molecules/cell) 5.3 × 105 [16] 
Kd (M) ** 6.8 × 10−11  [31] 

kon (M−1/1)** 3.6 × 105 [31] 
koff (s−1) ** 2.4 × 10−5 [31] 

ke (s−1) 3.5 × 10−5 [18] 
t1/2 (TAcyto, I, T) (h) 35.5 [19] 

Vcell (pL) 1.76 [20] 
Vint/Vtotal 0.5 [21] 

Cytosolic delivery efficiency 10% *** [32] 
T0 (molecules/cell) 10,000 ****  [22] 

Kd2 (M) 1.04 × 10−9 [17] 
kon2 (M−1/s1) 1.90 × 105 [17] 

koff2 (s−1) 1.97 × 10−4 [17] 
kcat (min−1) 0.93 [28] 

* this value is representative of realistic plasma concentrations reached with monoclonal antibodies; 
** values derived from the affinity of Ec1 for epithelial cell adhesion molecules; 
*** this value is representative of a highly effective transport system; 
**** this value is close to the median target protein concentration in the cytosol. 

Table S3. Specific parameters for tissue and molecular weight dependence. 

Tissue 
MW (kDa) 

(for permeability esti-
mation) 

Microvascular 
Permeability P 

(cm/s) 

Refer-
ence 

Interstitial Diffusiv-
ity D (cm2/s) 

Refer-
ence 

Plasma Half-life 
 (h) 

Refer-
ence 

ε 

Tumor 
Vint/Vtot = 0.5 [21] 

3.3  1.5 × 10−5 [10]  2.5 × 10−6 [33] 0.28 [34] 0.24 
70 9.8 × 10−7 [10] 1.9 × 10−7 [11] 2.55 [7] 0.24 

Skeletal muscle 
Vint/Vtot = 0.16 [35] 

5.5 (Inulin)  1.2 × 10−6 [36] 4.4 × 10−7 [37] 0.28 [34] 0.12 
70 1.8 × 10−7 [38] 0.59 × 10−7 [37] 2.55 [7] 0.12 

Cold dose 10 3.2 × 10−6 [10] 6.91 × 10−7 [11] 2.55 [7] n/a 

Table S4. Modified partial differential equations used to model catalytic degradation. 

TA in cytosol — catalytic 
-cyto rate

of change

=  11 − Vint.

Vtotal
Cytosolic import

+  
Release

+
Catalytic 

degradation

−  
Binding

−
Degradation

 
 (15) 

TA–target complex in cytosol 
— catalytic  Complex rate

of change

=  
Binding

− k
Release

−
Catalytic 

degradation

− I
Degradation

 
 (16) 

Table S4 gives the modified partial differential equations that were used in order to model an en-
zymatic cargo. The change in concentration of the free enzymatic therapeutic agent in the cytosol 
is given by equation 15, and the change in concentration of the complex of therapeutic agent and 
its substrate, the cytosolic target, is given by equation 16. 
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Table S5. Partial differential equations used to model cold dosing. 

Free cold dose Cold dose 
rate of 
change

= 1
Diffusion

−
Convection

−
Binding

+
Release

 
 (17) 

Free receptor 
Re rate

of change

=
Receptor synthesis

+
Release

−
Binding target

−
Internalization

+
Recycling

+
Release−

Binding cold dose

 
 (18) 

Cold dose–receptor 
complex Complex rate

of change

=
Binding

−
Release

−
Internalization

 
 (19) 

The additional and modified partial differential required to model cold dosing are given in Table 
S5. The change in concentration of the cold dose in the interstitium is given by equation 17, the 
modified partial differential equation giving the change in the targeted receptor is given by equa-
tion 18, and finally the changes in the complex formed by the binding of the cold dose to the re-
ceptor are given by equation 19. 
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