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Abstract

The binding of folate-targeted drug carriers to a receptor-bearing cell surface is modeled using a deterministic approach. The

model accounts for the presence of multiple folate ligands on the carrier surface, the anchoring and presentation of the ligands

on flexible polymeric tethers, and the combination of both clustered and homogeneous spatial distributions of receptors on the

cell surface. The model was validated against an experimental system where folate-bearing liposomes were used as delivery

vehicles to deliver drug to tumor cells in vitro. Unknown parameters of the model were then estimated by a least-squares fit to

the experimental data. A parametric study systematically varying the estimated parameters around the best-fit values indicated

that the model was sensitive to these parameters, lending credence to their estimated values. This study indicates that drug

uptake is dependent on several factors including the ligand number, the exposure time, and carrier concentration. For the

specific case of folate targeting, the cumulative uptake of folate ligands is important, causing a decrease in the carrier uptake rate

once a threshold cumulative uptake is crossed.
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1. Introduction

Current efforts to selectively deliver chemother-

apeutic agents to their sites of action have focused on

exploiting the natural endocytosis pathway by target-

ing an over-expressed receptor or antigen on the

surface of target cell. Receptor-mediated targeting of
e 104 (2005) 113–128
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long circulating carriers has been accomplished by

attachment of ligands to the distal end of the polymer

chains. Interaction between the targeting ligands and

the cell surface receptors allows the carrier to be

bound to the cell surface for a time sufficient to

facilitate internalization of the vehicle and the drug

that it contains. A number of ligand-presenting

delivery systems targeting differentially expressed

receptors on tumor cells have been studied to promote

increased drug uptake [1–5].

Substantial progress has been made in under-

standing ligand–receptor interactions [6–9], and

cell–cell interactions [10,11]. Models of cell–surface

interactions at steady state [12,13], steric effects

arising from the receptor size/spacing and multivalent

ligands [14] and receptor/ligand clustering have been

studied [15].

Drug carrier–cell interactions, however, are fun-

damentally different from cell–surface interactions

since the drug carrier is approximately two orders

of magnitude smaller in size than the cell, increas-

ing the role of surface curvature in the binding

process. Existing drug carrier targeting models are

limited to monovalent interactions, and do not

address many of the physical phenomena that arise

from surface curvature and multivalency/polyva-

lency [16,17].

Virus–cell binding has been modeled recently

[18] and this model accounts for the steric effects

due to virus size, which is comparable to the size of

a drug carrier, as well as the distribution of rigidly

attached binding sites on the surface of the virus.

However, in being faithful to the anatomy of a

typical virus, the binding ligands are assumed to be

at the surface of the virus. Therefore, there is no

consideration given to possible effects of tethering

of the ligands on the carrier surface, for example by

flexible polymer chains. Drug carriers however, do

use such tethers since targeting efficiency is greatly

increased by the presence of such tethers (the

increase in spatial freedom afforded to the tethered

ligands, approximates the reactivity of the free

ligand molecule).

Ultimately, one concludes that the current literature

does not present a model that takes into account the

steric effects of ligand/receptor clustering, flexible

ligand tethers, multivalent/polyvalent interactions and

carrier:cell size ratio that characterize targeted drug
delivery systems. The current work was therefore

directed at developing such a model.

Specifically, the physical system studied is the

targeting of liposomes to C6 glioma and KB cells via

the folate receptor. Experimental studies done pre-

viously have shown that liposome uptake increased

with the number of folates per liposome, until a

threshold was reached, after which the uptake dropped

[19]. A possible explanation for this behavior is the

regulation of the folate receptor cycle by the intra-

cellular folate demand [20]. The mathematical model

developed in this paper therefore includes this

regulation, and is validated against the experimental

data. A numerical sensitivity analysis was also

performed on the model to gain additional insights

into the transient behavior of the system.
2. Theory

A number of factors govern the interaction of

tethered ligands on the surface of carrier and receptors

on the surface of cell. It has been shown that the

distance of separation between two curved surfaces

plays a significant role in the binding of tethered

ligand and receptor [21]. As the two surfaces

approach each other, the overall free energy of the

system starts decreasing as a result of binding between

the receptors and ligands. At a certain critical distance

the overall free energy of the system reaches a

minimum, coincident with the onset of spontaneous

contact. It was also shown that for a ligand–receptor

pair having a high association constant, the vast

majority of ligand–receptor bond formation will take

place at this critical distance, also defined as the

binding distance. At a binding distance separation

between the carrier and the cell surface, the number of

bonds that can be formed will therefore depend on 1)

number of ligands on the surface of carrier, 2) length

of tether, 3) carrier size, and 4) receptor density on the

surface of cell. Thus, based on a given receptor

density and distribution, carriers can be tailored (by

altering the tether length and number of ligands) to

achieve optimal binding to the cell.

To study the effect of carrier diameter and

tether length on carrier binding, two quantities

that accounted for carrier–cell interactions were

calculated.
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2.1. Active fractional area of carrier (AFAC)

The active fractional area of carrier is defined as

the fraction of carrier surface that is available for

binding to the cell. The AFAC is a function of tether

size, ligand size and carrier size. Fig. 1 illustrates the

interactions between a carrier and a cell. Assume that

the separation distance between the carrier and

receptors on the surface of cell is equal to the binding

distance [21]. Thus varying the tether length alters the

binding distance between the carrier and cell surface

receptors since binding distance is a function of tether

length. Therefore, the separation distance is a function

of tether length. Further, assume that the tether at the

outermost end of the AFAC forming a receptor–ligand

complex is in a fully extended conformation. There-

fore using simple geometry, the active fractional area

of carrier is given by

AAFAC ¼ 2pRH=4pR2 ð1Þ

This can be simplified further to give

AAFAC ¼ H=DC ð2Þ

where R is the radius of the carrier and DC is the

diameter of the carrier. H is given by (L�dB) when

LV (R +dB). Here, L corresponds to the sum of ligand

length and the maximum extended length of the

tether; dB is the binding distance. However, when

L N (R +dB), the fully extended tether is able to reach

beyond the projected carrier surface. By assuming that
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Fig. 1. Schematic illustration of
the tether becomes tangent to the carrier surface for

forming a receptor–ligand complex the definition for

H becomes (R +x), where x is the vertical distance

above the horizontal line passing through the center of

the carrier as defined in Fig. 1. It indicates the position

of the fully extended tether on the carrier surface that

is both tangent to the surface of the carrier and

reaching the cell surface. Fig. 2 shows a plot of AFAC

as a function of PEG molecular weight for different

carrier sizes. Therefore based on the AFAC, the

number of ligands available for binding can be

calculated. The choice of binding distance as the

distance at which the calculations were done was

based on the fact that maximum number of bonds

between the carrier and cell surface occurs at this

distance [21]. Thus the majority of the carriers bound

to the cell are expected to be found at this distance at

any point in time.

2.2. Area of influence (AOI)

The number of receptors that are accessible to a

carrier depends on the area covered by the tether on

the surface of cell. The area of influence (AOI) is

defined as the maximum area that a carrier can cover

on the surface of cell depending on the length of tether

and carrier size. The area of influence can be

calculated by assuming that the tether that reaches

the furthest on the surface of cell will be fully

extended. Fig. 3 shows a plot of the dependence of
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AOI as a function of PEG molecular weight for

different carrier sizes. Therefore, based on a given

receptor density and distribution, the number of

receptors accessible to a carrier can be calculated

using the area of influence.

2.3. Internalization of folate-bearing drug carriers

Ligand-bearing drug carriers enter the cell through

receptor-mediated endocytosis, a process which

involves binding of ligand-bearing carriers with

receptors expressed on the surface of the cell followed

by internalization of the complex. Lipid rafts repre-
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Fig. 3. Area of influence, (AOI), as a function of PE
sents the major pathway for internalization of many

glycosylphosphatidylinositol-anchored (GPI) proteins.

The rafts are normally 50–300 nm in size and comprise

a minor fraction of the cell membrane [23–25]. Folate

receptor, a GPI-anchored protein over-expressed on a

number of cancer cells is internalized through this

pathway [26]. Several studies have shown that GPI-

anchored proteins are found to be clustered in

specialized lipid rafts called microdomains [24,27,

28]. It has been reported that GPI-anchored folate

receptors are clustered in microdomains of around 70

nm in size containing approximately 50 folate recep-

tors [24].
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Several drug carriers targeting the folate receptor

have been studied [2,5,29]. However, none of the

studies published have accounted for the spatial

distribution of receptors in designing optimal drug

carriers. For instance, one would envision that folate-

bearing carriers that target cancer cells over-express-

ing folate receptors should be designed such that

sufficient numbers of carriers bind on the cell surface

to allow increased numbers of carriers to be internal-

ized. Thus in the case of C6 and KB cell lines which

both express folate receptors, one could hypothesize

that an optimal design of the targeted liposomes

would be such that each liposome binds to a single

cluster. Therefore, depending on the density and

distribution of receptors, one could design the targeted

carrier to have an optimum tether length and an

optimum number of ligands to allow the carrier to

form sufficient bonds with receptors on the surface to

prevent detachment and thus gain entry into the cell.
3. Model development

A detailed description of the experimental methods

and materials used to study the uptake of folate-

bearing liposomes by tumor cells has not been

presented here since it has already been described

elsewhere [19]. Briefly, liposomes bearing different

number of folate ligands attached to the extremity of

PEG were formulated. These carriers were loaded

with an anti-cancer drug, doxorubicin. Cell culture

medium containing the folate-bearing liposomes was

incubated with tumor cells for 2 h in 35 mm diameter

wells. The numbers of cell-associated liposomes were

estimated by fluorescence measurement of the doxor-

ubicin and the calculation of the corresponding

amount of phospholipids.

A population balance deterministic model was

developed to study the uptake of drug carriers by

cells in vitro. While the binding phenomenon encoun-

tered in this process is relatively fast, and 2–4 h is a

sufficiently long time to result in equilibration, the

addition of receptor-mediated internalization adds a

long time scale to the overall process. Unfortunately,

as demonstrated in this paper, this long time scale

does not always manifest itself in the experimental

data due to the confounding effects of receptor down-

regulation. That an equilibrium model was inadequate
to model this process became apparent when it was

unable to fit the experimental data. Therefore a kinetic

model that included two key phenomena relevant to

the system was chosen. The phenomena considered in

this model were: 1) binding of carriers to the surface

of the cell, and 2) internalization of carriers into the

cell through receptor-mediated endocytosis. Since the

interaction between the targeted carrier and cell

surface occurs through receptor–ligand bond forma-

tion, the basis of interaction for developing the model

is the receptor–ligand interaction. Since folate recep-

tors are clustered on the cell surface, the distance

between the centers of any two adjacent clusters, also

defined as the inter-cluster spacing, determines the

number of clusters available for interaction with a

single carrier. However, to our knowledge, there is no

literature available on the distribution of folate

clusters on the cell surface. Since the number of

folate receptors per cluster may vary from cluster to

cluster, an average value for the number of clusters

was calculated using the relation

C ¼ NT=NC ð3Þ

where, C is the average number of clusters on the cell

surface; NT is the total number of surface receptors per

cell; NC is the total number of receptors per cluster on

the surface. Further, assume that the clusters are

uniformly distributed on the surface of the cell. Based

on the total number of surface folate receptors

quantified in the experimental study [19] (280,000

surface folate receptors per cell for KB cells and

10,000 surface folate receptors per cell on C6 cells),

the inter-cluster spacing was calculated to be 1120 nm

for C6 cells and 209 nm for KB cells. For the 2000

molecular weight PEG used in the experimental study,

the tether length is 15.8 nm, and yields an AOI of 65

nm radius. Since the diameter of a cluster of folate

receptors is 70 nm, it is therefore apparent that only

one cluster is accessible by each liposome.

The species formed on the surface, as a result of the

multivalent interactions of the carrier with the surface

are modeled by a population balance formalism. Let

CCar denote the concentration of free carrier in the

solution, mol/cm3. Let Cclus,surf denote the surface

concentration of clusters present on the surface of a

cell, mol/cm2. The surface concentration of bound

carrier attached through i bonds is denoted by xi, mol/

cm2. Let a denote the total number of ligands per
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carrier and b denote the total number of receptors per

cluster. The mass balance equation for CCar gives

dCCar=dt ¼ � kvf aCCarf g bCclust;surf

� �
� kvr x1

� �
Z

ð4Þ

where, kf
v is the binding rate constant on volume basis,

cm3/mol/min; kr
v is the dissociation rate constant on

volume basis, 1/min; Z is a factor that converts the

volume concentrations to appropriate cell surface

concentrations, cm2/cm3. Z is defined as the product

of cells per unit volume times the area of a cell.

The balance for carriers bound through one bond,

x1 gives

dx1=dt ¼ kvf aCCarf g bCclust;surf

� �
� kvr x1

� kaf w� 1ð Þx1f g r � 1ð Þx1f g
þ 2kar x2 � kinx1 ð5Þ

where, kf
a is the 2-D binding rate constant, cm2/mol/

min; kr
a is the 2-D dissociation rate constant, 1/min;

kin is the internalization rate constant for folate

receptors, 1/min; w is the the number of ligands

per carrier available for bond formation based on

AFAC; and r is the number of receptors per cluster

available for bond formation based on AOI. The first

term on the R.H.S refers to the reaction between free

active ligands on carriers and free active receptors in

clusters on the cell surface. The factor of 2 in the

fourth term on the R.H.S is present to account for

statistical factors i.e., a carrier bound by 2 bonds can

dissociate to form a carrier bound by one bond in

two distinct ways: the dissociation of either of the

original bonds. The third term on the R.H.S

represents interaction between a carrier with (w -1)

active unbound ligands and a cluster with (r -1)

active unbound receptors. The last term accounts for

the internalization of the carrier–cluster complex into

the cell. The 2-D rate constants can be calculated

using the linear relation [30]

Kv ¼ sKa ð6Þ

where, Kv is the 3-D equilibrium constant, mol/cm3;

Ka is the 2-D equilibrium constant, mol/cm2; and s

represents the length defining the region where

reaction becomes possible, cm. For our system, since
the ligand is attached to the distal end of the tether, s

is defined as the fully extended length of the tether.

Similarly, the balance for carriers bound through i

bonds gives

dxi=dt ¼ kaf w� i� 1ð Þð Þxi�1f g r � i� 1ð Þð Þxi�1f g
þ iþ 1ð Þkar xiþ1 � kaf w� ið Þxif g r � ið Þxif g
� ikar xi � kinxi for i ¼ 2; . . . ; n� 1

ð7Þ

where, n is the maximum number of bonds a carrier

can form. The value of n is equal to the minimum of

either w or r. A balance for carriers bound through n

bonds gives

dxn=dt ¼ kaf w� n� 1ð Þð Þxn�1f g r � n� 1ð Þð Þxn�1f g
� nkar xn � kinxn: ð8Þ

The balance for free clusters on the surface of the

cell gives

dCclust;surf=dt ¼ � kvf aCCarf g bCclust;surf

� �
þ kvr x1

� kinCclust;surf þ koutCclust;int ð9Þ
where, kout is the externalization rate constant for

folate receptors, 1/min; and Cclus,int is the intracellular

concentration of clusters, mol/cm2. A cluster on the

surface can therefore have four states: 1) bound state

if a carrier is attached to it, 2) unbound state if there is

no carrier attached to it, 3) internalization state if the

cluster is in the process of undergoing internalization,

4) externalization state if a new cluster is being

formed due to transport of folate receptors onto the

surface. The balance for receptors on the cell surface

gives

dCreceptor=dt ¼ � kvf aCCarf g bCclust;surf

� �

þ
Xn

j¼1

jkar xj � bkinxj
� �

�
Xn�1

j¼1

kaf w� jð Þxj
� �

r � jð Þxj
� �

� kinbCclust;surf þ koutbCclust;int: ð10Þ

A balance on the internalized clusters gives

dCclust;int=dt ¼
Xn

j¼1

kinxj
� �

þkinCclust;surf � koutCclust;int:

ð11Þ
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Finally the balance for internalized carriers gives

dCCar;int=dt ¼
Xn

j¼1

kinxj
� �

: ð12Þ

Upon the introduction of appropriate values for the

rate constants and a vector of initial conditions, the

system of ordinary differential equations can be

integrated to obtain time-varying concentration of

various species formed in the system. A summation of

the number of carriers internalized and the total

number of surface bound carriers would then provide

the total number of carriers associated with each cell.

3.1. Choice of parameters

Folic acid has a high affinity for the a-folate

receptor with an equilibrium dissociation constant of

10�10 M [22,29,31]. However, to our knowledge,

there is no data available on the individual rate

constants for folic acid ligand–a-folate receptor

system. In the current model, the rate constants were

therefore calculated using the best fit to the exper-

imental data obtained previously [19]. In this fitting

process, the ratio of binding rate constant to dissoci-

ation rate constant was constrained to be equal to the

overall equilibrium dissociation constant obtained

from the literature.

The regulation of folate receptor under conditions

in which cellular demands for folates are altered has

been studied by measuring the folate receptor

function and levels in cells with different growth

rates [20]. It was found that the folate receptor

function is regulated by cellular requirements for

folates. A down-regulation of folate receptor function

was observed in response to a decreased need for

folic acid for cell growth. Consequently, once a

certain amount of folic acid required for cell growth

is achieved, the cell signals a significant slowdown

of the receptor trafficking cycle. Quantitatively, this

results in a decrease in the internalization and the

externalization rate constants for folate receptor, thus

inhibiting uptake of folate-bearing liposomes. The

threshold intracellular concentration is defined as the

concentration of folic acid in the cell at which the

down-regulation of folate receptor commences. In

another study, it was found that KB cells internalized

approximately 2�107 folate conjugates per cell
before receptor down-regulation occurred [32]. To

our knowledge, there have been no studies con-

ducted on measuring the internalization and external-

ization rates of folate receptors during down-

regulation of folate receptors. In our model the

down-regulation of the folate receptor cycle is

approximated by a decrease in the value of the rate

constants. Hence, after the threshold concentration of

folic acid is reached, the internalization and external-

ization rate constants for folate receptor are approxi-

mated to be inversely proportional to the intracellular

folic acid concentration, defined by the following

equations:

kinV ¼ kin
1

CFTtð Þ ð13Þ

koutV ¼ kout
1

CFTtð Þ ð14Þ

where, kinV is the internalization rate constant during

the down-regulation phase, 1/min; kin is the internal-

ization rate constant during the normal uptake phase,

1/min; koutV is the externalization rate constant during

the down-regulation phase, 1/min; kout is the

externalization rate constant during the normal-

uptake phase, 1/min; CF is the intracellular folic

acid concentration, molecules per cell; and t is the

incubation time, min.

The ratio of number of intracellular folate receptors

to the number of folate receptors on the surface

depends on the growth requirements of the cell

[20,31,33,34]. In our model, the ratio was set to unity

based on data available in the literature [31,34]. For

the model, the total number of folate receptors present

on the surface of C6 glioma cells and KB cells, as

quantified in the experimental study [19], were

9.7�103 and 2.8�105, respectively.

Using fluorescence resonance energy transfer

(FRET) microscopy, it was shown that folate receptors

are clustered in microdomains on the surface of CHO

cells [24]. These microdomains are approximately 70

nm in size, each containing fewer than 50 folate

receptors. In another study, chemical cross-linking

was used to show that microdomains of GPI-anchored

proteins exist on the surface of living cells with

approximately 15 molecules per microdomain [27].

Intracellular concentration of folic acid varies with



K.B. Ghaghada et al. / Journal of Controlled Release 104 (2005) 113–128120
different cell line due to different growth require-

ments. No reference to the normal levels of folic acid

in KB or C6 cell lines exists in the literature.

However, the intracellular concentration of folates in

MA104 cell line grown under folate-deficient medium

is approximately 3�105 molecules per cell [33]. A

value of 5�105 was used as the initial intracellular

folic acid for the model. A tether length of 15.75 nm

corresponding to the fully extended PEG-2000, used

in the experimental study [19], was considered in the

model.

3.2. Method of solution

The resulting non-linear first order ordinary differ-

ential equations (ODEs) were solved numerically

using DVODE implemented in FORTRAN [35].

The number of ODEs in the system varied from 20

to 70 depending on the number of receptors per

cluster. While it would have been preferable to

parameterize this model and identify governing

dimensionless groups, the population balance formal-

ism used for the polyvalent binding makes it difficult

to do so. Therefore numerical parametric variations

were performed to probe the model.

As described in the previous section, several

parameter values were unavailable for the given

system. The DVODE numerical integrator was there-

fore combined with a Levenberg–Marquardt (L–M)

routine. This routine iterated the following parame-

ters; binding rate constant (kf), number of folate

receptors per cluster (b), internalization rate constant

(kin), and externalization rate constant (kout) to achieve

the best possible fit of the DVODE solution to the

data obtained in the experimental study [19]. A

relative difference in the v2 value of less than 0.01

was used as the convergence criteria for the L–M

method. The parameter set that resulted in the best fit

was verified to be physically meaningful. For

instance, the binding and the dissociation rate

constants for the receptor–ligand pair was compared

with the general range in which the rate constants for a

majority of receptor–ligand pair are known to exist

[10]. The number of folate receptors per cluster was

compared to the range mentioned in the literature

[24,27]. The externalization and the internalization

rates were compared to values available in the

literature for other cell lines [34].
4. Results

4.1. Liposome uptake in C6 and KB cells

In the experimental study, the non-specific uptake

obtained with non-targeted liposomes in C6 cells was

significant compared to the uptake observed with

folate-targeted liposomes. Since the current model

was based on studying the uptake due to receptor-

mediated endocytosis, the non-specific uptake was

subtracted from the uptake observed with folate-

targeted liposomes. Fig. 4 shows the comparison of

specific uptake calculated from the experimental data

versus the simulation results for liposome uptake in

C6 cells. Initially, the liposome uptake increases with

an increase in the number of ligands per liposome.

However, once the number of ligands per liposome

reaches approximately 500, there is a decrease in

liposome uptake with an increase in number of

ligands per liposome.

For KB cells, the non-specific uptake was negligible

compared to the specific uptake observed with folate-

targeted liposomes. Fig. 5 shows the comparison of

experimental data with the simulated data for liposome

uptake in KB cells. Again, after the initial increase in

uptake with number of ligands, the uptake levels off

and then drops. The drop off occurs at around 700

ligands per liposome compared to 500 for C6 cells.

This drop off is consistent with the fact that at higher

ligand numbers the overall uptake of liposomes is

limited by the internalization/externalization rates of

folate receptors which controls the entry of folate

bound liposomes into the cell. The internalization/

externalization rates in turn depend on the cellular

demand for folate. Thus the down-regulation of the

folate receptor cycle is initiated at lower number of

liposomes per cell due to the uptake of larger amounts

of folic acid. A similar phenomena was observed in

another study where liposomes containing fewer folate

ligands per liposome (b0.3 mol%) yielded higher

binding efficiencies compared to liposomes containing

higher number of folic acid per liposome [36].

4.2. Parametric analysis

In order to understand the range of behavior that

can be represented by this model, it was numerically

solved over a range of parameters. Fig. 6 shows the
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ligands per liposome.
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predicted effect of incubation time on liposome

uptake in C6 cells. An increase in liposome uptake

is observed with increasing incubation time. However

this behavior is observed only for cases where the

number of ligands per liposome is still low enough

that folate receptor cycle down-regulation is not

triggered. The peak value for the number of liposomes
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Fig. 5. Comparison of experimental data with simulated data for KB cell cu

of liposomes bound on the surface and liposomes internalized, was calcul
per cell shifts to lower ligand numbers as the

incubation time is increased. This is due to the fact

that the predicted intracellular folic acid ligand

concentration has not reached the threshold value at

these low ligand numbers, thus allowing a continued

uptake of liposomes. The majority of the cell-based

uptake experiments in the literature use an incubation
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Fig. 6. Predicted effect of incubation time on liposome uptake in C6 cells. The number of liposomes per cell, which comprises of liposomes

bound on the surface and liposomes internalized, was calculated as a function of number of ligands per liposome.

K.B. Ghaghada et al. / Journal of Controlled Release 104 (2005) 113–128122
time of 4–6 h and it is usually assumed that

equilibrium has been achieved by this time. It is

apparent however, that the uptake system is far from

equilibrium at low folates per liposome. At higher

folates per liposome, equilibrium is indeed reached
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Fig. 7. Predicted effect of liposome concentration on liposome uptake in

liposomes bound on the surface and liposomes internalized, was calculate
since the uptake is now governed by the uptake rate

and not the binding.

Fig. 7 shows the predicted effect of liposome

concentration on liposome uptake in C6 cells. At low

ligand numbers per liposome, an increase in liposome
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Fig. 8. Predicted effect of threshold intracellular folate concentration on liposome uptake in C6 cells. The threshold intracellular folate

concentration is defined as the number of intracellular folic acid molecules per cell which when exceeded results in the down-regulation of folate

receptor cycle. The number of liposomes per cell, which comprises of liposomes bound on the surface and liposomes internalized, was

calculated as a function of number of ligands per liposome.
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concentration results in an increase in uptake. This is

due to the fact that at low ligand numbers, the

calculated intracellular folate concentration of the cell

does not reach saturation. However, the maximum

number of liposomes that can be internalized per cell

is limited by the incubation time and the rate of

binding and internalization.

Fig. 8 shows the predicted effect of threshold

concentration on liposome uptake in C6 cells. At a
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Fig. 9. Effect of number of receptors per cluster on liposome uptake in

liposomes bound on the surface and liposomes internalized, was calculate
low threshold limit, the maximum uptake occurs at

lower ligand numbers per liposome. Further, the

down-regulation of receptor cycle occurs at lower

number of ligands per liposome resulting in a far

lower uptake for liposomes containing higher ligand

numbers. An increase in the threshold limit results in

an increase in liposome uptake up to a certain ligand

number per liposome. Further increases in ligand

number do not lead to higher liposome uptake by the
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cells since the rate limiting step at this stage is the

internalization rate of folate receptors. However,

down-regulation of the folate receptor cycle is not

reached since the threshold has been raised.

Fig. 9 shows the predicted effect of number of

receptors per cluster on liposome uptake in C6 cells.

An increase in the number of receptors per cluster

results in a decrease in liposome uptake. This is due to

the fact that at large number of receptors per cluster,

the total number of clusters is reduced thus allowing

fewer liposomes to internalize. Additionally, increas-

ing the number of ligands per liposome does not

increase the uptake due to the rate limiting internal-

ization step. At higher receptors per cluster, the down-

regulation of receptor cycle is also not triggered due to

reduced liposome uptake.
Table 1

Comparison of optimal parameter set for C6 and KB model

Parameter Values for

C6 model

Values for

KB model

Binding rate constant (M min)�1 3.7010*105 1.5524*104

Dissociation rate constant (min�1) 3.7010*10�5 1.5524*10�6

Internalization rate constant (min�1) 0.6124 0.6295

Externalization rate constant (min�1) 0.1687 0.5784

Folate receptors per cluster 4 18

Threshold concentration (folic acid

molecules per cell)

3.5*107 5*108
5. Discussion

The purpose of this study was to develop a

quantitative understanding of the interaction between

ligand-bearing drug carriers and tumor cells to

facilitate the design of optimal drug carriers. To

model this physical system, an understanding of the

process for interaction of carriers with receptors on the

cell surface and the cell mechanisms for internal-

ization of surface receptors and their associated

complexes is critical. In this work, a deterministic

model was developed to study the targeting of folate-

bearing liposomes to tumor cells in vitro, based on the

experimental work described elsewhere [19]. The

current model was able to reasonably predict the

behavior of the system. The uptake of folate-bearing

liposomes differed considerably in C6 and KB cells

lines (Figs. 4 and 5). Further, in both the cell lines the

uptake of liposomes passes through a maximum,

following which the liposomal uptake decreases with

increasing ligand numbers. A possible explanation for

the decrease in liposome uptake for very high ligand

numbers is the down-regulation of the folate receptor

function as studied by Doucette and Stevens [20].

They found that the folate receptor function is

regulated by cellular folate requirements. Therefore,

for carriers containing a large number of folic acid

ligands, even a small amount of uptake is sufficient to

trigger the down-regulation of the folate receptor

cycle. The down-regulation will result in the slowing
down of the internalization/externalization rates of the

receptor, consequently reducing liposome uptake. In

the case of modeling the experimental data for C6 cell

line, the non-specific uptake obtained with non-

targeted liposomes was significant compared to

uptake observed with folate-targeted liposomes. As a

result, the non-specific uptake was subtracted from

observed uptake with folate-targeted liposomes since

it was assumed that the non-specific uptake is

independent of the number of folate ligands attached

to the liposome. The model was then used to fit the

specific uptake data.

A comparison of the parameters obtained for the

two cell lines are shown in Table 1. The binding rate

constant for the folate receptor–ligand pair is different

in the two cell types. This variation may be due to the

difference in receptor distribution on the two cell

types. In the current model, the distribution of clusters

has been assumed to be uniform. Therefore the

number of clusters on the surface of the cell, number

of receptors per cluster and the inter-cluster spacing

are calculated as average values. In reality these

numbers may vary from cell to cell. This can alter the

binding and internalization of liposomes on different

cells. In addition to the receptor distribution, the

binding of tethered folic acid ligand to folate receptors

may also be affected by the dynamics of the tether.

The variation in rate constants may also be due to

differences in the structural isoforms found in the two

cell types. Other studies have also shown that the

structure of folate receptor is different on different cell

types [37,38]. A pervasive theme in the literature is

the consistent reporting of equilibrium binding con-

stants for receptor–ligand interactions, but extremely

few studies or reports of the rate constants (i.e. the on-

and off-rates). A fundamental question is what the
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behavior of a receptor–ligand system that exhibits a

particular equilibrium binding constant by virtue of

specific on- and off-rates would be, compared to a

different system that exhibits the same equilibrium

binding constant by virtue of different on- and off-

rates. An example from the field of leukocyte rolling

would be the role of selectins vs. integrins, both of

which have a high binding constant, but the selectins

have higher on- and off-rates than the integrins [39].

The result in the leukocyte case of course, is that

selectins mediate the initial attachment and rolling

(since bonds can break and form very quickly) while

integrins are involved when firm, irreversible binding

is desired (when a leukocyte has reached its chosen

site of action). In the experimental study [19], the data

points were acquired at the end of 2-h incubation time.

Therefore, an inherent shortcoming of the approach

described in this work is the extraction of kinetic rate

constants from data acquired for a constant duration.

The authors clearly recognize that time-dependent

data are critically important to the extraction of

equally important rate constants for this process.

The internalization and externalization rate con-

stants for the two cell types were of the same order of

magnitude which may indicate similar growth stages

in the two cell types [20]. However, the internalization

rate constant for the folate receptor in the pre-down-

regulation phase was found to be significantly higher

that those cited in the literature [34]. The internal-

ization and the externalization rate constants obtained

in this study also depend on the distribution of

receptors on the cell surface as well as the ratio of

internal to external folate receptor pools. Studies have

shown that the rate of recycling is dependent on

cholesterol, such that in normal cells recycling of GPI-

anchored proteins is slower than transmembrane

anchored proteins, but in cholesterol depleted cells

the rates are more equivalent [34,40]. Since the folate

receptor cycle is dependent on the growth require-

ment, targeting these drug carriers when the growth

requirement is high will allow a large number of the

drug carriers to be internalized by the target cells. In

this work a linear dependence was assumed between

intracellular folate concentration and receptor function

to model the down-regulation of folate receptors after

reaching the threshold in intracellular folate concen-

tration (Eqs. 13 and 14 in Choice of parameters

section). Although the current approximation for the
down-regulation phenomenon reasonably predicts the

behavior observed for this system, the authors

acknowledge that this may not be applicable to all

folate receptor–ligand systems. A more rigorous

model would take into account the intracellular folate

cycle which begins with the polyglutamation of folic

acid molecules and its analogues [41]. A recent study

has suggested that homocysteine plays an important

role in the translational upregulation of the folate

receptor cycle by linking the folate metabolism to the

coordinated upregulation of folate receptor [42].

The numbers of receptors per cluster for the two

cells type also lie in the range reported in the literature

[24,27,43]. Since the number of folate receptors per

cluster may vary from cluster to cluster and also from

cell to cell, the current model was developed on the

basis of assuming an average value. Similarly the

inter-cluster spacing was also approximated based on

a uniform distribution of the clusters on the cell

surface. A recent study on the distribution of GPI-

anchored proteins on the surface of normal cells have

suggested that a small but significant fraction (20–

40%) of these proteins are present in clusters of

nanometer size(~4–5 nm), each consisting of approx-

imately 4 molecules while the rest are present as

monomers on the cell surface [43]. Based on their

reported folate receptor density of 150–750 mole-

cules/Am2, it is apparent that each carrier can occupy

only one cluster based on the fraction of receptors

clustered on the cell surface. The threshold concen-

tration for KB cells was found to be an order of

magnitude higher compared to C6 cells. Other studies

have also shown higher uptake of folate conjugates

into KB cells compared to other cell types [5].

As seen in Fig. 6, incubation time plays an

important role in optimizing the drug carriers. The

model predicts that liposomes containing fewer folic

acid molecules are internalized more than liposomes

containing higher number of folic acid molecules

when the incubation time is increased. The majority of

the experimental studies published in the literature is

performed by determining the incubation time for the

experiments based on identifying the time point at

which the uptake reaches a steady state. Since the

uptake rates are orders of magnitude slower compared

to the binding rates, the kinetics of processes can be

crucial in determining the end point of the experiment.

In several experimental studies conducted, the incu-
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bation time ranges from 4 to 6 h on the assumption

that steady state is eventually reached. In most of

these studies the number of folic acid molecules per

liposomes ranged from 200–400 [2,22,29]. However,

as shown here, steady state is not reached with these

incubation times when the number of ligands per

liposome is low. Thus one can achieve higher

liposomal uptake at lower ligand numbers if the

incubation time is increased. One may also reach a

wrong conclusion on the optimal design of drug

carrier if the kinetics of the process is not taken into

consideration. A recent in vivo study on targeting of

folate-bearing liposomes to tumor cells showed that

targeting characteristics of drug carriers provided a 6

fold higher association of drug carriers with tumor

cells compared to non-targeted carries [44]. However,

since the circulation time of targeted drug carriers is

lower compared to that of non-targeted carriers, it

would become important to optimize the number of

ligands per carriers so as to maximize intracellular

drug delivery and increase circulation time.

As seen in Fig. 7, the effect of liposome concen-

tration varies significantly only when the number of

ligands per liposome is low. The curve plateaus out at

higher liposome concentration even for low numbers

of ligands per liposome. This likely happens due to

the fact that the internalization process being slower

than the binding of liposomes to cell surface, is the

rate limiting step. Therefore, changing the concen-

tration of drug carriers will not have a substantial

effect on the overall uptake by tumor cells as the

uptake is limited by both the binding and internal-

ization of the drug carriers.

The current model developed is also based on the

assumption that each liposome can interact with a

single cluster of folate receptors. However, at very

large number of cell surface receptors, the clusters

may be closely spaced which results in the simulta-

neous binding of liposome to two or more clusters.

Similarly if longer tethers are used, each liposome

may be attached to more than one cluster. Another

shortcoming of the model is that it does not take into

account tether dynamics due to the flexibility of the

polymer to which the ligand is attached. Tether

dynamics will play a significant role in determining

the number of bonds formed between ligands and

receptors. An ab-initio calculation using an analytical

model for tether dynamics based on self-consistent
field theory [45] suggests that a 2000 molecular

weight PEG has a negligible probability of being

more than 4 nm in length from the surface of the

liposome. Thus, the number of receptor–ligand bonds

that can be formed between a single liposome and cell

surface is much lower compared to the current model

which assumes every ligand in the AFAC as having

the same probability of binding.

The length of the tether is also a consideration in

vivo. The current model described in this paper and the

experimental study only considered in vitro interac-

tions. Thus, the only PEG species on the liposomes was

the tether. Since a maximum of about 1000 ligands was

used in this work, the maximum surface concentration

of PEG conjugates was less than 1%. At this low level,

inter-molecule entanglement does not occur, the PEG

molecules are too far apart. Self-entanglement could

occur, but is accounted for in the estimation of the

binding distance described elsewhere [21]. In vivo

however, it has shown that a stealth coating is required

for ligand-targeted liposomes to have sufficient circu-

lation time so as to be effective in delivering drug to the

target site [2]. However, a stealth layer of the same

molecular weight polymer as the ligand tether effec-

tively shields the ligand from cell surface receptors, and

prevents binding. Thus, a tether that is longer than the

polymer of the stealth layer has to be used, effectively

protruding the ligand above the stealth layer. In this

situation, entanglement of the polymer chains is

definitely possible. However, if one calculates an

average length difference between the stealth layer

and the tether length, this parameter can be substituted

for tether length in the present model, thus accounting

for the effect of the inter-molecule entanglement.

Although the mechanism of carrier–cell interac-

tions are more complicated in in vivo systems, the

current model provides a good starting point in the

design of optimal drug formulations for in vitro

studies. Current work in our group is focused on

generalizing the model to study targeting of drug

carriers to other receptor types as well. Several other

receptors (e.g., transferrin receptors, LDL receptors,

EGF receptor) found on the cell surface are either

distributed in clusters or semi-heterogeneously dis-

tributed (i.e. clusters on a background of individually

distributed receptors). In such cases, the number of

drug carriers that can be internalized by the cell will

depend on the number of drug carriers bound on the
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cell surface. If the number of ligands per carrier is

large or if the ligands are attached to long tethers, and

if the clusters are sufficiently closely spaced, the

carrier may bind to several clusters simultaneously.

Occupation of multiple clusters by a single drug

carrier could allow fewer drug carriers to bind to the

surface which may result in low internalization

efficiency. Finally, incorporating the dynamics of

tether length and the uptake of drug carriers to tumor

cells in the presence of healthy cells is also currently

under investigation.
6. Conclusions

A deterministic population balance model was

developed to study the interactions of ligand-bearing

drug carriers with tumor cells in vitro. The model was

able to predict the experimental data reasonably well

for the system described here. The model also

provides initial insights into the mechanism of

interaction between targeted drug carriers and cell

surface. In summary, knowledge of the distribution of

receptors on the cell surface and their internalization

pathway play a critical role in optimizing the drug

carriers for intracellular delivery. For the specific case

studied here, the overall uptake of ligand plays a

crucial role in determining the uptake of carriers by

the cells. Finally, the number of ligands per drug

carrier and the length of tether are also important in

determining the number of bonds a carrier can form

with the cell surface.
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