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We present an equilibrium model for quantifying the effect of glycocalyx in mediating the interaction of
functionalized nanocarriers with endothelial cells. In this model, nanocarrier adhesion is governed by the
interplay between three physical parameters, namely, glycocalyx resistance, flexural rigidity of receptors,
and receptorligand bond stiffness. We describe a procedure to rationally determine the values of these
crucial parameters based on several independent (single molecule and cell-based) characterizing experiments.
Using our model and independent derivation of the parameter values in conjunction with Monte Carlo
simulations, we describe the binding of nanocarriers to endothelial cells at equilibrium. We show that we can
guantitatively reproduce the experimental binding affinities with zero fitting to binding data. Additionally,
our simulations provide quantitative descriptions for the multivalency in nanocarrier binding, as well as for
the degree of clustering of antigens. Our study identifies two interesting parameters: glycocalyx resistance
and antigen flexural rigidity, both of which reduce binding of nanocarriers and alter the sensitivity of the
nanocarrier binding constant to changes in temperature. Collectively, our model, parameter estimations,
simulations, and sensitivity analyses help provide unified molecular and energetic analyses of the nanocarrier
binding process.

1. Introduction in vitro. We propose a viable procedure for integrating a large
) ) ) ) ) number of system parameters that affect the binding process,
Targeted drug delivery using functionalized nanocarriers j,cjuding the effect of the endothelial glycocalyx layer repre-
offers many benefits lacking in conventional drug delivery genting a thermodynamic barrier to the nanocarrier adhesion,
systems, among which are improved efficacy and reduced \hich “thus far, has not been considered in prior works.
toxicity.* Of many available technologies, targeting of thera-  gycocalyx is a carbohydrate-rich zone on the cell exterior,

peut?c agents to' the endothelial cells \{ia specific receptqr- mainly consisting of glycoproteins and proteoglyc&a&lts
mediated adhesion (such as through intercellular adhesionyesence on the endothelial cell surface has been shown to have
molecule-1 or ICAM-1) leads to enrichment of specificiy. 31 effect on the binding of nanocarriers. Although models are
Several models have been proposed for the treatment ofayajlable to represent mechanical properties of glycocky,
receptor-mediated adhesion of céi$.These models typically  to our knowledge, a thermodynamic model that quantitatively
include the effects of receptetigand interaction strength,  predicts the effect of glycocalyx on nanocarrier binding is not
receptor and ligand densities, arrest/mobility of receptors/ligands available. However, in vivo experimental data of Mulitr
on their respective surfaces, effects of membrane-mediatedstrongly suggest that the (partial) removal of glycocalyx by

adhesion, etc. and have been successfully applied to neutrophilenzymatic (heparinase-mediated) degradation strongly influences
adhesion under uniform shear flow conditiérRioneering work nanocarrier binding® In this study, the authors infused the

by Bell*> on celt-cell adhesion laid the basic framework for  femoral vein of rat with a rat anti-ICAM-1 functionalized

much of the subsequent work in this field. In the Bell model, nanocarrier solution. To mimic the effect of glycocalyx removal,
the specific attraction due to receptdigand bond formation the venules were perfused with the heparinase enzyme solution.
is considered as a function of bond length. Subsequent work The authors recorded the transient number of bound nanocarriers
by Hamme#~® on the simulation of the adhesive behavior of ysing fluorescence microscopy in the presence and absence of
neutrophil (treated as rigid spheres), with randomly distributed glycocalyx and observed that the removal of glycocalyx
receptors, in near contact with a planar endothelium under Sheanncreases the number of bound nanocarriers by at least two-
flow, identified several regimes of rolling and arrest behavior fo|d (see Figure 2). These studies highlight the importance of
of neutrophils and delineated a state diagram. Following this considering the contributions of the glycocalyx layer in con-
body of work, we focus here on developing a physically based strycting an accurate model for nanocarrier binding.
coarse-grained model for accurate in silico predictions of | this work, we consider three physical parameters, namely,
functionalized nanocarriers binding to endothelial cells cultured glycocalyx resistance, flexural rigidity of receptors, and recep-
tor—ligand bond stiffness, in mediating nanocarrier adhesion
TPart of the “Keith E. Gubbins Festschrift". _ to endothelial cells and strive to construct a microscopic model
Se;ggp"e"gr?_g dﬁf’”eSpO”dence should be addressed. E-mail: rradhak@ capturing these important physical characteristics (see our
* Chemical and Biomolecular Engineering. schematic in Figure 1). We develop rigorous procedures to
8 Bioengineering. estimate the parameter values of our model using independent
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i consider the R6.5 antibody specific for ICAM-1 antigens to
compare our model predictions with experiméfserformed

on the same system. In our model, the antibodies are distributed
randomly, that is, in random orientation at random positions,
consistent with the experimental hydrophobic association pro-
tocol of Muro et al** used to functionalize the nanocarrier

o surface (see Figure 1). The antigens are in a vertical orientation
(i.e., perpendicular to the cell surface) in their minimum energy
configuration when unbound and distributed randomly on the

Glycocalyx

ICAM-1 . SR
QAM-1 ﬂeTre \ I L{ I i '\ [ planar cell surface. Antigen flexure about this minimum energy
/ } / f configuration is also accounted for in our model (see below).
Endothelial cell Antigen-Antibody Interactionln our model, the antigen
Figure 1. Schematic of the microscopic model for nanocarrier binding  antibody bond energy depends on the bond length as well as
to endothelial cells. the bond orientation. For the dependence of reaction free energy
200 —— ' ' ' ' ' ' on the bond length, the Bell modes employed, according to
' ' ' ' ' ' which the binding free energ)G is a quadratic function of
. - Begin heparinase infusion x. = 3 the bond lengtiL with a minimum at the equilibrium value of
= model: instantaneous ( .t the bond lengthy, that is,
< 150 x n
E + Begin heparinase infusion . AG(L) = AG(o) + 1/2|((L - (7)2 Q)
g expt: diffusion/ o . 6 3
% 100 convection/ heparinase- x Microcarrier conc. (10 /mm’) | ) )
@ kinetics limi e — 2.22 mgd&g: Here,AG(o) is the free energy of the reaction when the bond
E L 'edl ?b_%mmodel . is at the equilibrium separation, AG(L) is the free energy of
g « * . 242 expt reaction at bond length, andk is the bond stiffness constant
5 301 x : ?i;‘g;xpl I or bond spring constant.
B x 4" x .87 ex . . . I
p= | T P _ Antigen FlexureFlexure of antigens from their equilibrium
. g upright position on the cell surface leads to an orientational
1 1 L | L 1 L 1 ) | L | L H i
00 10 20 30 20 50 60 70 dependence of _the bond energy. Considering s_,mall er>_<ure_s, we
time [min] model each antigen as a cantilever, and thus, its contribution to

Figure 2. Regression of the glycocalyx model (egs 3 and A2-2) to the bon(_j energuG d“‘? to flex_ure IS eqyal to EZ/L_3)yL2_(see
the experimental data of MulivBtprovides an avenue to estimate the APPendix A1), whergy is the difference in the vertical distance
glycocalyx sprint constarityy, reported in Table 1. of the tip of the bent antigen and that of an upright antigen,

is the flexural rigidity (defined as the product of the Young’s
experimental results reported in the literature, thus adopting amodulusE and the moment of inertig, andL is the length of
zero-fit approach. We then subject our model and simulation the antigen. Antibody flexure is not considered in our model.
results to a rigorous test by comparing the predicted theoretical Weinbaum et al? estimated the flexural rigiditygl for a
results with experimental results reported recently by Muro et glycoprotein to be 700 pN ninthat is, 7x 10722 N m2. By
al. for the nanocarrier binding affinity to endothelial céts.  using this value foEl along with the length of ICAM-11( =
These authors investigated anti-ICAM (R6.5) functionalized 19 nmiSinferred from electron microscopic study), we calculated
polystyrene nanocarriers binding to HUVEC (human umbilical the bending energy for ICAM-1 for small deflectiongl(y,)
vein endothelial cells) at 4C under the conditions of cell = 2EI/L3y; 2= 2.04 x 10 %y, 2 whereU(y,) is in joule andy,
fixation as well as stimulation by TNE: Finally, we provide is in meter;y, is the distance of the tip from its equilibrium
results for parameter sensitivity to assess the role and importanceposition,

of some key physical model parameters in governing the  Gjycocalyx Resistancas the nanocarrier approaches the cell
nanocarrier binding characteristics. surface, it encounters resistance due to the presence of the
glycocalyx layer (see Figure 1). On the basis of the biophysical
2. Models and Methods characterization data of Squire et ®lwe assume a height of

2.1. Models. A schematic of our microscopic model for 100 nm for the glycocalyx layer. The resistance offered by the
nanocarrier binding to endothelial cell is depicted in Figure 1. glycocalyx layer, in general, comprises of a combination of
The largest length scale considered in our model is that of the osmotic pressure (desolvation or squeezing out of water),
cell surface fum). In contrast, the relevant length scale for electrostatic repulsion, steric repulsion between the nanocarrier
interaction between proteins and ligands-i$0 nm. The two and the glycoprotein chains of the glycocalyx, and entropic
orders of magnitude separation in length scale forbids us to forces due to conformational restrictions imposed on the
employ an atomistically detailed description for our system and confined glycoprotein chains. We lump these effects into a single
warrants the use of coarse-grained models and simplifying term of mechanical resistance due to glycocalyx by assuming a
assumptions. harmonic potential of the form 1kgyH? per unit differential

Following the work of Hammer et al:8 we approximate the  area, whereH is the penetration depth of the nanocarrier into
confluent endothelial cell surface by a planar nondeformable the glycocalyx. Herekgyx can be regarded as an effective
surface (a possible procedure for relaxing this assumption is stiffness constant per unit area that effectively incorporates the
given in section 4), while the polystyrene nanocarriers employed molecular interactions described above. This additional resis-
in the experiments of Mufd are modeled as rigid (hard) tance enters into thermodynamic considerations in calculating
spheres. The nanocarrier is functionalized using antibodiesthe Gibbs free energy change of binding. Specifically, for the
specific to target antigens on the cell surface. Specifically, we binding of the nanocarrier to the cell, we get



15850 J. Phys. Chem. C, Vol. 111, No. 43, 2007 Agrawal and Radhakrishnan

TABLE 1. System Parameters

AG(H) = AG(0) + [ [k, H? dA 2)
parameter value ref

where, AG(0) is the free energy of the system when no  simulation cell area m?
glycocalyx is present on endothelial cells, and the integration  simulation cell height 0.am
is over the area of nanocarrier that is immersed in the nanocarrier diameter 100 nm

lveocalvx. antigen length 19 nm 15
aly Yy . . . . antibody length 15 nm

2.2. Parameter Estimation.On the basis of the experiments antigen/antibody radius 1.5 nm
of Muro! for free R6.5 (antibody) binding to free ICAM-1, no. of antibodies per nanocarrier 220 14
AG(0) is estimated to be-7.9 x 10720 J/molecule at £C. AG(0) —7.98x 107%°J 14
Consistent with the reported trend from the investigation of the ~ bond spring constant 1000 dyn/em “19
temperature effects on the thermodynamic interaction between g:ygggg:yi ge'r?nht constant 1??% % 3/t léB
hen egg white lysozyme and Fab D1.3 antibody in a solvated grzltigen f)IIexur?ral ?igidity 700 pN nf 12

environment for the temperature range 2843 K by Zeder-
Lutz,'” we assume thahG(o) of the reaction is temperature- e . : .
independent. In our model, the bond-spring conskaamd the Steric interactions between nanocarriers and antigens are
equilibrium bond lengths are also taken to be temperature- considered through hardcore potentials (i.e., they are treated as
independent (see section 3.3 for further comment on thesehardspheres and hardrods, respectively). This simplifies our
assumptions). We calculatgy,x based on the in vivo experi- ~ treatment of multicarrier simulations without introducing any
mental data of Mulivor (described in the introductidd):  Significant artifacts because the density of nanocarriers and of
Assuming that the nanocarrier binding is a second-order reactionth® surface antigens is still significantly low and surface
with respect to free nanocarriers and free antigens and unbindingcoverages that we explore in our simulations (and in the
is a first-order reaction for the bound complex, we have shown €xperiments) are very much in the dilute limit so that interpar-

a Estimated based on the experimental data.

in Appendix A2 that the concentration of bound nanocarriers ticle interactions are not important. Still, it may be worthwhile
to investigate the sensitivity of our results to the short-range

potential of proteir-protein interactions. This can be ac-
complished by calculating the potential of mean force between
two membrane-bound antigens using atomistic or coarse-grained
molecular dynamics simulations and incorporating the effects
of van der Waals, electrostatics, and hydrogen bond interactions
explicitly.

During each step of the Monte Carlo simulation (which is
based on the Metropolis algoritiif, one of the following
actions is attempted to generate new system configurations for
the nanocarrier or the surface antigen: A nanocarrier is
randomly selected, and it is either rotated or translated by a
randomly chosen extent along a randomly chosen direction. If
antigen diffusion is allowed in our model, then a randomly
selected antigen is translated (on the cell surface) by a random
extent. The new system configuration is accepted with the
following probability: miq 1, expF(Unew — Uoig)/ksT]}, where
ks is the Boltzmann constant, is the temperature in Kelvin
scale,Unew andUqg are the potential energies of the new and
old configurations, respectively, and the min operator selects a
minimum of the two values. The energy, arises due to the
hardsphere potential term or the glycocalyx resistance term.
Whenever an antibody reaches within the bonding distance of
an antigen, an additional step of bond formation or bond
breakage is considered. A bond is formed between a randomly
selected antigen and an antibody within the bonding distance
with the following probability: min[1, expt AG/kgT)]. If the
selected antigen and antibody pair is already bonded, then the
bond is broken with the following probability: min[1, expG/
ksT)], where AG is the change in energy due to formation of
bond at given length and orientation. These calculations are
performed 500 million times to ensure properties such as total
energy and multivalency converge. The results are reported here
as an average over four independent simulations, each with 0.5
billion Monte Carlo steps. The error bars are reported as the
standard deviation resulting from the four independent simula-

as a function of time(C(t), is given by:
C(t) = kBGCa/(kB + k) x [1 — explt(kB + k)] (3)

Here, ki and k; are the forward and reverse rate constants,
respectively,B is the concentration of free nanocarriers in
solution, andCnaxis the maximum concentration of nanocarriers
that can bind to the cell surface. By importing the value8of
and Cnax from the experiments of Mulivor et al., we regrdgs
andk; to fit the expression in eq 3 to the experimental data in
ref 13, both in the presence of and in the absence of the
glycocalyx (see Figure 2 and Appendix A2). Using the inferred
values ofk; andk;, we compute the equilibrium constalitin
the presence and in the absence of glycocalyx. The difference
betweenksTInK in the presence and absence of glycocalyx
yields the change in the reaction free energy due to glycocalyx
that is,AG(H) — AG(0), in eq 2. The value of the glycocalyx
spring constankgyy (reported in Table 1) is then determined
from eq 2; see also Appendix A2.

Following Evans and Ritchi& we derive the dependence of
the antiger-antibody bond rupture forcé (described by the
Bell modef) on force-loading rates as given by:

f x r/(ksT) = kK explf?/(2K)] 4)

wherek® is the unstressed bond dissociation rate kiisl the
bond-spring constant. Fitting the above expression to the force
spectroscopy data of Moy et Blgivesk® andk (see Appendix
A3).

2.3. Monte Carlo Protocol. A stochastic scheme based on
the Metropolis Monte Carlo meth&tiis developed for simulat-
ing the antibody (R6.5) functionalized nanocarrier binding to
endothelial cells expressing antigens (ICAM-1) on the surface
based on our model depicted in Figure 1. Periodic boundary
conditions are enforced along the cell surface, and impenetrabl
boundaries are enforced in a direction normal to the cell surface.
The choice of boundary conditions is chosen for computational
convenience and is not expected to impact the results with any
significance. A summary of the system parameters is provided
in Table 1.

€tion runs.

3. Results

3.1. Model Predictions and Comparison with Experiment.
We perform simulations of nanocarrier adhesion to endothelial
cells to make contact with the experimental work of Muro et
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TABLE 2: Binding of Nanocarriers to Nondiffusing 3.5
ICAM-1 on the Endothelial Cell Surface: Model Predictions B Non-diffusing ICAM-1

antigenskm? multivalency binding energy (kcal/mol) & Diffusing ICAM-1

640 185+ 0.1 —14.57+£0.72
2000 2.05+0.1 —16.75+ 0.34

TABLE 3: Binding of Nanocarriers to Diffusing ICAM-1 on
the Endothelial Cell Surface: Model Predictions

multivalency

antigenstm? multivalency binding energy (kcal/mol)

640 2.65+0.4 —24.16+ 3.22
2000 2.4+0.2 —21.82+2.42

]
. elelemeletelens

al.* Consistent with their report, we choose the antigen density 640 antigens/tm® 2000

value OT 1'6X_ 10° antigens per endot.hellal Ce!l' Hovyever., n Figure 3. Effect of ICAM-1 diffusion on nanocarrier multivalency:
converting this value to surface density of antigens in units of 3 visual comparison of data from Tables 2 and 3.

antigenstm?, we consider the uncertainty in the reported

endothelial cell surface ar@anamely, 806-2500um? per cell. 640 antigens/im’ 2000

We present our results for the two extreme values of the e
resulting antigen surface densities: 2000 and 640 antiges/

Our results from simulations performed at@ for the case
of the antigens not allowed to diffuse on the cell surface (to
mimic the scenario in fixed cells) are reported in Table 2 in
which the multivalency calculated as the average number of
antigen-antibody bonds formed per bound nanocarrier and the
average binding energy of the nanocarrier binding are reported.
For the range of antigen and antibody densities we consider,:
there is on an average two bonds per attached nanocarriers [
However, because of the bond stretching, the (negative) binding > | ® Non-diffusing ICAM-1
free energy of the nanocarrier-{4.5 to —16.7 kcal/mol) is : & Diffusing ICAM-1
considerably greater thamn23 kcal/mol, which is twice the ~ ~° __ o
equilibrium binding free energy of the antigeantibody Figure 4. Effect'of ICAM-1 diffusion on nanocarrier binding energy:
interaction (see Table 1). Using a Scatchard analysis of the? visual comparison of data from Tables 2 and 3.
experimental binding daté,Muro et al. report an equilibrium
dissociation constant ¢fp = 77 pM for nanocarrier adhesion.
This experimentally determined value of the binding affinity
amounts to an equilibrium binding free energyAds = —12.82
kcal/mol; here, we have used the relationsKip = expAG/
ksT). Considering that our modeling results of the binding
energy are obtained without direct fitting to nanocarrier binding

(kcal/mol)

-10 1

15 1

ing energy

20 |

nd

of binding energy associated with the bound nanocarrier due to
the diffusion of surface antigens is clearly mediated by antigen
clustering.

3.2. Parameter Sensitivity to Model PredictionsTo dissect
the effect/sensitivity of the various physical components in our
. i model on the binding characteristics of nanocarriers, we have
data, we conc_lude that the agreement_between simulations (Tableberformed additional simulations by varying key parameters,
2) and experiment<12.82 kcal/mol) is very favorable. namely, the bond stiffness constant and the flexural rigidity,

To consider the effect of surface diffusion of antigens on oyer a range of three orders of magnitude. We report our results
nanocarrier binding, we also performed simulations allowing of this sensitivity analysis both in the presence and in the
the antigens to diffuse (Table 3) Not surprisingly, we find that absence of g|ycoca|yx in Figures 6 and 7. The effect of
allowing the surface antigens to diffuse in our simulations leads increasing the bond stiffness constant (Figure 6) is to decrease
to increases in the multivalency as well as the binding affinity the multivalency and increase the (negative) binding energy of
(i.e., a corresponding decrease in the negative binding energy)nanocarriers (at a rate that is steeper than a linear dependence).
of nanocarrier binding; see Figures 3 and 4. To further establish The presence of glycocalyx does not affect the multivalency
the relationship between diffusing surface antigens and enhancedut increases the binding energy. Interestingly, the difference
multivalency/binding energy, we map the in-plane two- in binding energy with and without glycocalyx is constant for
dimensional radial distribution functiéhrelated to the spatial  all values of the bond stiffness constants explored. The effect
distribution of surface antigens in our simulations in Figure 5. of varying the flexural rigidity on the multivalency and binding
The radial distribution function is defined as the probability of energy is similar to that we observe for the effect of the bond
finding two antigens at a given separation relative to the same stiffness constant (compare Figures 6 and 7): That is, multi-
probability if the antigens were completely randomly distributed. valency decreases and binding energy increases with increasing
At a given separation, the radial distribution function value of flexural rigidity, and the presence of glycocalyx does not affect
greater than one indicates clustering of antigens at that separathe multivalency but increases the binding energy for each value
tion. As evident from Figure 5, the ICAM-1 antigens cluster of the flexural rigidity. Again, the difference in the binding
within a separation of 50 nm, which corresponds to the size energy in the absence and presence of the glycocalyx is constant
(radius) of the nanocarriers. Moreover, as evident from the to a statistical significance for all values of the flexural rigidity
comparison of the radial distribution function plots in the that we have explored. The dependence of the binding charac-
presence and absence of the nanocarrier, the ICAM-1 clusteringteristics on the two parameters (namely, the bond stiffness
is clearly mediated by nanocarrier adhesion. These observationgonstant and the flexural rigidity) that we have uncovered
establish that the enhancement of multivalency and reductionprovides new insight into the molecular parameters governing
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Figure 6. Effect of bond stiffnesskj) on nanocarrier (a) multivalency
and (b) binding energy for diffusing ICAM-1. The presence of
glycocalyx does not affect the multivalency, although it increases the
(negative) binding energy. Simulations are performed for 2000 antigens/
Um2,
receptor-ligand interactions (with the exception of some active
processes requiring metaboli¥) the binding decreases with
increasing temperature. In the mean-field limit (approximaffon)
200 400 600 800 for binding of nanocarriers, the overall free energy change can
X (nm) be represented as additive contributions of several teih@G:
Figure 5. (a) Radial distribution function of diffusing antigens on the = AGpondingt AGgyx + AGriex, WhereAG is the overall change
cell surface in the presence (solid line) and absence (dotted line) of in the free energy of the proces&Guonding IS the change in
bound nanocarriers. Simulations are performed with 640 antigefls/  free energy due to antigerantibody bond formationAGgyx is
and 50 nanocarriers at “€©. (b) Percentage of probability of spatial_ the free energy required to overcome glycocalyx resistance, and
occupancy of surface antigens in the absence of bound nanocarrlersAGﬂex is the free energy contribution due to antigen flexure.

(c) Percentage of probability of spatial occupancy of surface antigens . L . o .
in the presence of bound nanocarriers. A visual comparison of parts b Note thatAGgyy is positive, whileAGpondingis negative. Hence,

and c clearly indicates clustering of antigens only in the presence of the presence of glycocalyx is expected to alter the temperature
bound nanocarriers. dependence of the equilibrium dissociation constant for binding,

Kp. That is, the temperature dependence of binding of nano-
nanocarrier binding and establishes that these parameters aatarriers to cells depends not only on the free antigamtibody
independently of the glycocalyx in mediating the binding binding free energy but also on endothermic terms such as the
equilibrium. glycocalyx resistance (and perhaps the antigen flexural rigidity).

3.3. Role of Glycocalyx in Mediating Temperature Effects By carrying out simulations of binding at differeft we

of Nanocarrier Binding. At equilibrium, the change in the  observe the expected effect of increase in the equilibrium
Gibbs free energy of a process is related to its dissociation dissociation constant with increase in temperature (Table 4).
constant by the relationshid\G = RT In Kp. In our model Intriguingly, we predict that this increase in the equilibrium
(see section 2.2 for a rational®G is temperature-independent  dissociation constant of the nanocarrier with increase in tem-
(We note that in traditional thermochemistry of gas and aqueousperature gets smaller with an increase in glycocalyx resistance
phase reactions, we substitui& = AH — TASand assume  (see Table 4 and Figure 8). However, with respect to quanti-
that AH and AS are temperature-independent, to getTdlal tatively capturing the temperature dependence in our model,
Kp) = —AH/RT2. However, in biomolecular reactions, these we issue the following cautionary note: Even though we have
assumptions may not be generally valid due to a coupling of developed rational procedures for estimating the key parameters
conformational and chemical degrees of freedom and due toof our model, there is in general a need for more biophysical
competing solvation and hydrophobic effects.); henceT(diid characterization experiments to relieve the additional assump-
Kp) = —AG/RTZ This expression indicates that the magnitude tions that we have made, especially with respect to temperature
and sign of AG determine the dependence ofKln with dependence. For example, in our current model, the receptor
temperature. Becaus&G is usually a negative quantity for ligand complex bond-spring constant is assumed to be temper-
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{a) 4 TABLE 4: Effect of Glycocalyx on the Nanocarrier
Dissociation Constant
r O In presence of glycocalyx
[ d In KDa
3 J. & In absence of glycocalyx .
& glycocalyx spring
g : constant (J/rf) 4°C 37°C In (Kp®"C/Kp*C)
22 - i 0 —94.4+35 —87.8+£0.9 6.5
g 3.9x 10° —87.74+£ 3.6 —81.840.9 5.9
Wl 1.0x 10% —77.34+£3.6 —725+0.9 4.8
aValues reported for diffusing ICAM-1 and with flexural rigidity
of 7 pN nn?.
0 | i |
7 70 i 700 model parameters to reproduce experimental binding data of
flexural rigidity [pN-nm’] nanocarriers to cells, we have described several new strategies
(144 2008 ! (Appendices A2 and A3, Figure 2, and Table A3-1) for a rational
(b) Penutal pedivy. (pREsen’) 700 parameter estimation based on independent (single molecule and

cell-based) characterizing experiments reported in the literature.
This rational approach enables us to not only predict experi-
mental binding constants of nanocarriers to endothelial cells
without directly fitting to the binding data (Figures 3, 4, 6, and
7 and Tables 2 and 3) but also enables us to transfer the
parameter values across similar systems.

We have shown that we can quantitatively reproduce the
experimental binding affinities in a regime where the multiva-
o B In presence of glycocalyx lency of nanocarrier is smal~2). The favorable agreement
: & In absence of glycocalyx between simulations and experiment also validates our simplify-

4p £ ing assumptions; however, we note that experiments under high
Figure 7. Effect of ICAM-1 flexural rigidity on nanocarrier () ~ Multivalency of nanocarriers (e.g., by increasing antibody
multivalency and (b) binding energy for nondiffusing ICAM-1. The density on the nanocarrier surface or by replacing rigid
presence of glycocalyx does not affect the multivalency, although it nanocarriers by filomicelles) would provide a more rigorous
increases the (negative) binding energy. Simulations are performed fortest for our model assumptions; for a recent review, see Kane.

—

Binding energy (kcal/mol)

2000 antigeng/?. Our simulations provide quantitative descriptions for the mul-
7 tivalency in nanocarrier binding (Figures 3, 6, and 7), as well
— as for the degree of clustering of antigens (Figure 5). Such a
6 clustering of antigens is also suggested based on indirect

inferences by Muro et & in their experiments of nanocarrier
adhesion to live endothelial cells. A more direct experimental
44 validation of the clustering of ICAM-1 may be obtained via
fluorescent labeling and fluorescence microscopy. Our study
also identifies two interesting parameters (see further discussion
2 below): glycocalyx resistance and antigen flexural rigidity, both
of which reduce binding of nanocarriers and alter the sensitivity
1 of the nanocarrier binding constant to changes in temperature.
Both of these parameters are physical and can be controlled
experimentally: Properties of the glycocalyx can be altered

In( Ko D‘)
o

0 T T
0 3.90E+09 1.ODE+10

Glycocalyx spring constant (J/m"*) either by controlled cross-linking or by controlled enzymatic
Figure 8. Difference of IrKp of binding at 37 and 4C plotted against (he.parlnase) degradatlorl, while the flgxural ”g'.d'ty of the
the glycocalyx spring constafty,. The difference between K at antigens can be re-engineered by designing suitable mutant
37 and 4°C decreases with increasing glycocalyx resistance, thus receptors. We suggest that for studying the effects of temperature
reducing the temperature dependence of the binding process. on nanocarrier binding and testing our predictions in Table 4,

. . . the ideal experimental setup is nanocarriers binding to fixed
ature-independent due to the lack of any supporting experimentalcejs in vitro with arrested endocytosis between 4 and@7
data. Single molecule AFM experiments conducted OVer a thege ysed in combination with experiments using engineered
limited tzimperature range suggest temperature softening ofgy tams to alter glycocalyx properties, can directly validate our
proteins;* however, S|mllar studies on protefprotein com- model predictions in Table 4 and Figure 8 with respect to the
plexes are not yet available. In the future, such experiments o of glvcocalyx in altering the temperature dependence of
would furbish the requisite temperature corrections to the bond- 5o carrier binding to cells. A similar approach can be used to

spring constant. Similarly, there is a growing need for inde- gy,qy the effect of antigen flexure on the temperature depen-
pendent biophysical characterization experiments on antigenyanée of nanocarrier binding.

flexure and glycocalyx resistance for enhancing the accuracy o interplay between different molecular and physical

predictions related to temperature effects. parameters often makes the results of biological experiments
(such as nanocarrier binding to cells) difficult to analyze. By
using our model, we have identified and dissected the effect of
We describe an equilibrium model (Figure 1) for quantifying various parameters on the system’s equilibrium behavior. The
the effect of glycocalyx in mediating the interaction of func- role of the bond-spring constant on carrier binding to cells has
tionalized nanocarriers with endothelial cells. Rather than fitting been recognized by several researchers starting from the

4. Discussion and Conclusions
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pioneering works of Belt:>7:8 Our study here identifies two  tor—ligand binding reaction. This extension is also necessary
interesting new parameters, namely, glycocalyx resistance andfor relaxing the assumption of the cell membrane surface as a
antigen flexural rigidity, which are also important determinants planar rigid surface. In a live cell, a membrane can undergoes
of nanocarrier binding. The presence of glycocalyx effectively undulations, and a nanocarrier bound to a live endothelial cell
increases the binding free energy by repelling nanocarriers awaycan additionally undergo endocytosis, which is preceded by
from the endothelium surface without affecting the multivalency membrane deformation and wrapping around the bound nano-
for binding. This conclusion is unaltered for the entire range of carrier. Gao et al® have studied this problem in a model
bond stiffness and flexural rigidities that we have explored in geometry (uniformly distributed antibodies and continuous
our simulations (Figures 6 and 7). For this reason, the contribu- density profile for antigens). As part of future work, we plan to
tion from the glycocalyx is independent and uncorrelated from combine our model discussed here along with a recent multiscale
those due to the other parameters such as bond stiffness angrotocoP! for membrane dynamics that we developed in our
flexural rigidity. We note that apart from this thermodynamic laboratory to rigorously include the effects of membrane and
contribution, the presence of the glycocalyx significantly carrier flexibility. Still, the simplified approach presented here,
introduces several kinetic and hydrodynamic effects, thereby subject to the assumptions that we have highlighted, qualifies
likely altering the transient characteristics of nanocarrier binding, as a predictive tool, helps to provide a molecular resolution to
which we have not considered here; for a brief review, see the physicochemical interactions, and presents a unified mo-
Weinbaum et al? lecular and energetic analyses of the nanocarrier binding process.

The effect of antigen flexure can be understood by considering
two competing effects: (i) Antigen flexural rigidity reduces  Acknowledgment. We thank Dr. Vladimir Muzykantov for
nanocarrier binding by effectively increasing the binding free Providing us with the experimental details of R6.5 functionalized
energy (by an amount equal to the average strain energy due td‘anocarriers blndlng to ICAM-l-expressqu endothelial cells and
flexure) in comparison to a freely flexing antigen. We note that for many insightful discussions on the subject. We acknowledge
the binding free energy is a negative quantity and that an funding from the National Suenc_e Foundation _through Grant
increase implies less binding. (i) However, in comparison to a CBET-0730955 and from the Whitaker Foundation. Computa-
rigid antigen, a flexing antigen allows for a better exploration tional resources were available in part from the National
of the conformational space and enhances multivalency. The Partnerships for Advanced Computational Infrastructure through
net effect is an increase in binding affinity due an enhancement Grant MRAC MCBO060006.
in the average number of receptdigand bonds. For the range
of parameters that we have explored, we find that upon Appendix
increasing the flexural rigidity, the proportion by which the
multivalency decreases translates quantitatively into the propor- . e
tion by which the corresponding binding free energy increases, &%ﬁg;ua;%ri&oigiﬁ‘:tmrgﬁntﬁ?: thtﬁ,neg@r? Itthlf)fgtlxgr:)Jme
suggesting that the second effect dominates over the first (FigureandEI is' the flexural rigidity of the beam _”g]e deflection of ’a
7). This behavior underscores the effect of flexural rigidity on beam (oriented along theaxis with a fixed end at the origin)
nanocarrier binding and is unaltered in the presence or absencefS given by? dyldx2 = —MJEL. For a constankl, we obtainy
of glycocalyx. The analogous effect of varying the bond stiffness — (—M/2EI)2 + Ax+ B. To s.olve forA andB \;ve sety(0) =
(Figure 6) on the multivalency and binding energy has a subtle 0 andy'(0) = 0 and thle obtairy = (—M/2E’I)x2 Thus. the
but important difference. In this case, while an increase in bond .0 tion of the free tip is given by(L) = yi = (;M/2EI’)L2.
the multivalency decreases does not quantitatively translate into (Z\LZ)' F( EyL ) ((:h ) D( C?IIL ) vx Resi
(and is greater than) the proportion by which the binding free - Free Energy Change Due to Glycocalyx Resistance.
energy increases. This difference suggests that for the case o*n t.h's section, we represent a free nanoca@rneBaa free
bond stiffness, the analogous competing effects (i) and (ii) are antigen on the cell as, and a.bound nanocarrier aswe can
both important. This is a reflection of the fact that the role of write the_ natr;_oc(:iarrtler adhest[on as ‘? r.efcno_rj ((;a-sdsg/rgtm—g each
strain energy associated with bond stiffness in increasing theEaBnoSarrlgr n 3 odone ?ntlk?en on ﬁt' g T ’ -
effective binding free energy is significantly greater than the " 0 — kC; k andk denote the respective rates.

corresponding role of the strain energy due to flexure for the " @ flow chamber experiment, the concentration of unbound
systems that we have studied. nanocarriers is a constant. We can also expraagerms ofc

o = Chmax — C, where Chax is the maximum concentration of
. Evlert1. thou?r? we r;a\;gtfo?fused onan f]qg'“p”um mo?e(lj gnd nanocarriers that can bind to the cell surface. HenGéltd=
simulations, the model I11sell can as such be incorporated In &y g - ) — kC, with an initial condition ofC(t = 0) =
kinetic setting with minimal adjustments, for example, by

replacing the Monte Carlo protocol by a Langevin dynamics

Al: Flexural Rigidity of Antigens. The energy stored in a

0. We can integrate this differential equation to get

protocol. Moreover, even though our study was focused on rigid kBC,

spherical nanocarriers to make contact with the experiments of c(t) = T Tmax {1—exp[-(kB+k)]} (A2-1)
Muro et al* using polystyrene nanospheres, there has appeared kB + k

some very interesting recent data in the literature on the effect

of nanocarrier size and sh&@pé8and nanocarrier flexibilit§?2° In the work of Mulivor!3 B is specified in units of number of

on binding properties. Extension of our model to treat rigid nanocarriers per mfn while C is specified as number of
nonspherical nanocarriers is straightforward. However, including nanocarriers adsorbed per 1@®n of venule. We take the
the effects of nanocarrier deformability in flexible carriers is volume of 100um of the venule as our unit volume. The
more challenging. In this case, the choice of model integration diameter of each venule is 39:8n, and so, the volume per
would be dictated by the ratio of timescales: that associated 100um of venule is 1.2254< 104 mm?. Hence, the units for
with nanocarrier flexibility and that associated with the recep- B that we have adopted and their relationship to the convention
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TABLE A2-1: Concentration of Nanocarriers

B (10¢/mn¥) B (no. of nanocarriers/10@m of venule)
2.42 294.55
8.46 1036.69
10.87 1332.01

TABLE A2-2: Rate Constants of Nanocarrier Binding
Reaction

B (no. of nanocarriers/

100um of venule) k@ k2
294.55 2.436< 10°° 0.08304
1036.69 1.89% 10°° 0.07393
1332.01 3.755¢ 1075 0.07965

aUnit of ks is [(n0./100um of venule)x min]~%; unit of k, is 1/min.

of Mulivor et al. are provided in Table A2-1. From the results
of Mulivor, we deduce thaCmax = 180 nanocarriers/100m
of venule.

Hence, we fit the expressidd = (kBCna/(kiB + k)){1 —
exp[—(kB + k)t]} to the experimental data of Mulivor in the
absence of glycocalyx to obtaka andk, (Table A2-2). After
removal of glycocalyx t{= 30 min in the work of Mulivor),
we can use the same rate equation but with a slightly different

initial condition: C(t' = 0) = Co, where,t’ =t — 30 min. We
get

, kaCmax
=ik "

kBC,

ka—j‘K} exp[~(kB + k)t (A2-2)

[o-
After t = 30 min, the glycocalyx is removed. We assume that
the glycocalyx removal only changes (increases) the forward
rate, ks, while k. remains the same. By fitting the eqs A2-1 and
A2-2, we obtainki(t < 30 min)= 500 x kit > 30 min). This
implies that the equilibrium constant in the presence of
glycocalyx is reduced by a factor of 500 relative to that in its
absence, that is = 50Kqyx. Hence

AG,,, = AG + kgTIn 500= AG + 2.573x 10 % (A2-3)

glyx

Within our harmonic model, the total resistance offered by
the glycocalyx to nanocarrier adhesiorEgyx = 1/2kqyx | [{z
— (L — z)}? dA (see Figure 1 for nomenclature), where the
integration is over the area of nanocarrier that is immersed in
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TABLE A3-1: Fitting k to the Experimental Data of
Zhang®® and Hanley??

antiger-antibody pair ¢ (pN/s)  k(dyn/cm) ks®(s™)  r?a
ILFA-1/iICAM-1%° 20—-10000 1143.38 10.34 0.9955
hLFA-1/iICAM-11° 20—10000 1219.66 2.3 0.9989
ILFA-1/iICAM-1 20—10000 484.5 8.475 0.9979
W/EDTA

P-selectin/PSGL3  100-10000 2509.4 2.06 0.9987
P-selectin/LS174% 200-5000 1310.44 5.86 0.9943

a2 Goodness of fit.
— Rk, | (cod
Eglyx(z\:) =7 kglyx 3 (cos'gy+ 1) +

R(L — ) sirf ¢ + (L — z)*(cos¢, + 1)| (A2-4)

EquatingAGgiyx — AG in eq A2-3 toEgy«(zo) in eq A2-4 allows
us to estimate the value kfyyx consistent with the experimental
data of Mulivor et al. This value for the glycocalyx spring
constant Kgy) is provided in Table 1.

A3: Force Spectroscopyln force spectroscopy experiments,
a constant/variable loading rate (force/time) is applied to the
bonded antigenrantibody, and the time (i.e., force) at which
the bond ruptures is recordé¥® This experiment is repeated
a number of times to give a rupture force distribution at a given
loading rate.

From Evang? the probability of bond rupture in a time
interval ¢, t + dt) is given by

pt, ) = kon(F) expl= [ ky(f) di]

The prefactor represents the probability of dissociation in the
next short interval of time, td whereas the exponential term
represents the probability of the bond having survived up to
time t. We expres?AG(L) = —kgTInK = —kgT(Inkon — Inkosr)
using the Beft model, asAG(L) = AG(0) + 1/2k(L — 0)2 We
assume thak,, is bond length-independent (sinkg, is often
diffusion-based; this assumption is consistent withetlence,

we obtain

AG(L) — AG(0) =
ke T I kog(L) — kT I Ky(0) = % k(L — 0)* (A3-2)

(A3-1)

(L) = k() el KL~ o)),
e k(L) = ko exp{g k(L — 0)2] (A3-3)

the glycocalyx. The integral expressed in spherical coordinate Consistent with the harmonic approximation of Bék —k(L

system is
Eglyx =

%kglyx N S {(Reosg) — (L — 2)}?Resing do dg

wheregg = cos}((L — z)/R) andR is the hard sphere radius.
The integral is solved to yield

_1 27R
Eglyx - E kglyx{ T

2L — (AR sirP ) + (L — 2)(27R(COsgy + 1)]}

(coS ¢, + 1) —

which, upon further simplification, gives

— 0). Using this definition in the above equation, we can express
Kot(L) = kott® exp[(8/2)(f?/K)] and, hence, the probability as

ﬁg) ex;{— [ ex gg) dt] (A3-4)

P(LT) = ko expl5

Expressing time in terms of the loading ratetas f/r; yields
o) exd - i 0 ﬁ_f2)1

p(f) = k" ex 2k)ex;{ Sk X o rfdf

The median of the probability distribution in eq A3-5 is obtained
by setting d/@ p(f) = 0, that is, d/dIn p(f) = O to getpf x r¢
=k x kot® exp(3f2/2K).

Hence, by fitting the equation to force-spectroscopy data, we
can calculate the bond-spring consthrand k.. That is, we

(A3-5)
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plot x = 542 vsy = Bf x r; to get the bond-spring constakt
andky° (see Table A3-1).
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