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Image Analysis for Particle Counting. The number of particles was
estimated from fluorescent images of the attached particles. The
images were processed via ImageJ using rolling ball background
subtraction. The number of attached particles was counted from
multiple images from three independent experiments. Each bright
spot in the imagewas counted as one particle. Themain advantage
of thismethod is that only particles are counted and there is limited
interference from background fluorescence. A second advantage
is that this method is far less sensitive to microscope settings such
as laser intensity, exposure time, inherent differences in particle
fluorescence for different shapes, and image focus, because bright
spots are what are counted. This method also counts single par-
ticles or aggregated particles as one entity and eliminates bias due
to aggregation. The major downside of this method is that the
number of particles may be inaccurate because aggregates or
particles very close to each other cannot be differentiated easily.

Model for Nanoparticle–Cell Membrane Binding. Model description.
Adhesion of an antibody-displaying nanoparticle (NP) on
a surface may be described as a reversible reaction in which the
nanoparticle reacts with a surface receptor (R) to yield surface-
bound nanoparticle (bNP) (1):

NP+R↔ bNP: [S1]

The rate of forward reaction is kf and the rate of reverse reaction
is kr. At equilibrium, the relationship between the concentrations
of bound and free nanoparticles may be described as follows:

½bNP�
½NP� =

kf
kr
½R�: [S2]

In the presence of fluid flow, the rate of detachment is accelerated
because of shear-induced detachment and may be described by
the following equation (2):

kr = k0r exp
�

λ f
kBT

�
; [S3]

where k0r is the reaction rate in the absence of shear, λ is the
critical separation distance between the nanoparticle and mem-
brane at which the antibody–antigen bond is broken, f is the
fluid-induced detachment force experienced by each antibody–
receptor bond, kB is the Boltzmann constant, and T is tempera-
ture. Substituting Eq. S3 into Eq. S2 gives the following expression
for bound nanoparticles:

Kb =
½bNP�
½NP� =

�
kf
k0r

�
exp
�
−λf
kBT

�
½R�; [S4]

where Kb is the surface partition coefficient of nanoparticles due
to binding defined as the ratio of bound to free nanoparticles.

The ratio
�
kf
k0r

�
may be related to the free energy of binding of

nanoparticles under static conditions, ΔG0, as follows:

�
kf
k0r

�
= exp

�
−ΔG0

kBT

�
: [S5]

Combining Eqs. S4 and S5 yields the following equation to
describe surface binding of nanoparticles:

Kb = exp
�
−ΔG0

kBT

�
exp
�
−λf
kBT

�
½R�: [S6]

Free energy of particle binding may be described in terms of the
enthalpic and entropic contributions as follows:

ΔG0 =ΔH0 −TΔS: [S7]

Combining Eqs. S6 and S7 yields the following equation for Kb:

Kb = ½R�exp−
�
λf +ΔH0 −TΔS

kBT

�
: [S8]

Contribution of shear forces. For an ellipsoidal particle with a major
axis, b, and minor axis, a, the force, f, can be related to particle
shape and shear rate using the following equation (3):

f =
6πμ _Ubδσ
mAc

; [S9]

where μ is the liquid viscosity, _U is the wall shear rate, δ is the
closest distance between the nanoparticle and the surface, m is
the surface density of antibodies, Ac is the area of the nano-
particles that is engaged in forming antibody–receptor bonds,
and σ is a geometric factor that is only a function of the aspect
ratio (3). Substituting b = az, where z is the aspect ratio, Eq. S9
may be rewritten as follows:

f =
6πμ _Uaδzσ

mAc
: [S10]

Contribution of enthalpy. The enthalpy of particle binding can be
related to the enthalpy of forming each receptor–ligand bond,
Δh, and the number of bonds engaged per particle, N =mAC,
as follows:

ΔH0 =ΔhN =ΔhmAC: [S11]
Contribution of entropy. Binding of nanoparticles leads to a loss
of entropy (4). The change in entropy associated with particle
binding arises from the loss of translational, ΔST ; and rotational
freedom, ΔSR (5). The contribution of rotational entropy loss
can be calculated based on the loss of accessible volume for the
particle in the bound and free states (5):

ΔS=ΔSR +ΔST = kB   ln
�
4πab
AC

Δω
8π2

�
+ kB   ln

�
Vb

V

�
; [S12]

where Δω is the rotational volume available for the nanoparticle,
Vb is the volume available for a particle in the bound state, and
V is the volume available for the particle in the free state. Com-
bining Eqs. S8 and S10–S12 yields the following expression for Kb:

Kb = ½R�exp
2
4−6πμ _Uaλσ

kBTm
δz
AC

−
Δhm
kBT

AC + ln
�
a2

2π
Δωz
AC

�
+ ln

�
Vb

V

�35
[S13]

Dependence of binding on parameters. Eq. S13 relates Kb to the size,
shape, and surface chemistry of nanoparticles. The first term in the
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equation describes the contribution of shear forces on particle
attachment.Kb decreases with increasing shear stress ðμ _UÞ and
particle size, a. The particle aspect ratio affects the contribution
of shear-induced detachment in several ways; the force exerted by
the shear stress is proportional to the ratio of the aspect ratio, z,
and contact area, Ac. The particle–membrane contact area, Ac, in
turn may depend on the aspect ratio. Elongated particles likely will
make a larger contact with the membrane compared with contact
by spherical particles owing to the engagement of more bonds. If
a direct relationship between Ac and z is assumed, then the ratio z

Ac
becomes independent of the aspect ratio. On the other hand, if the
contact area of elongated particles does not increase proportion-
ately with the aspect ratio, z

Ac
likely will increase with the increasing

aspect ratio. The precise relationship between the aspect ratio and
z
Ac

may depend on several other parameters, including membrane
topology and the strength of antigen–antibody interaction. The
approach distance, δ, between the particle and the surface alsomay
potentially depend on the aspect ratio; σ has been found to be a
relatively weak function of z (3).
The second term represents the enthalpic contribution. This

contribution depends directly on the contact area, Ac, and hence
the aspect ratio, z. The third term represents the contribution
arising from the loss of rotational entropy of bound nanoparticles.
The loss of entropy depends on shape in several ways; the Δω
likely will decrease with increasing aspect ratio because longer
particles are more likely to be constrained compared with shorter
particles. The precise relationship between Δω and particle shape

in turn may depend on several parameters, including membrane
topology and the number of engaged bonds.
The final contribution arises from the loss of translational

entropy of the bound nanoparticles and depends on particle
volume and its concentration in synthetic microvascular networks
(SMNs) (or blood). Given that the particles used in this study
possessed identical volumes regardless of the aspect ratio, this
term likely does not contribute to the role of shape in binding.
Eq. S13 may be approximated under a few simplifying as-

sumptions to highlight the dependence of Kb on key particle pa-
rameters. Specifically, assuming σ ∼ 1 and assuming that neither
λ nor δ depends on shape, the relative binding of rods and spheres,
KSHAPE, may be given by the following equation:

KSHAPE =
KROD
b

KSPH
b

= exp

2
4−6πμ _Uaλδ

kBTm

 
z

AROD
C

−
1

ASPH
C

!

−
Δhm
kBT

�
AROD
C −ASPH

C

�
+ ln

 
ASPH
C

AROD
C

ΔωROD

ΔωSPH z

!35;
[S14]

where AROD
C and ASPH

C are contact areas of particles with the
membrane for rods and spheres, respectively, and ΔωROD and
ΔωSPH are rotational volumes available for rod and sphere, re-
spectively ðΔωROD  <ΔωSPHÞ.
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Fig. S1. Various SMN devices. (A) Typical SMN device fabricated on a standard microscope glass slide. The final assembled device, including tubing connecting
inlet/outlet ports to the external syringe pump, is shown. (B) Map of shear rates in the SMN that mimic the vascular structure of the cremaster muscle, cal-
culated as described in refs. 1 and 2. Shear rate (seconds−1) maxima (magenta) and minima (blue) are represented in a heat map. (C) Fluorescent image of
particles adhering to walls in SMNs that mimic cremaster muscle vasculature. The SMN (100 μm in width and 100 μm in height) was coated with ICAM-1, and
microspheres (2 μm in diameter) were coated with anti–intracellular adhesion molecule (ICAM)-mAb. Anti–ICAM-mAb spheres were flown through SMNs at
a rate of 2.5 μL/min. Microparticle accumulation is most prevalent at junctions. (D) Idealized SMN coated with avidin consisting of a single 120° bifurcation.
Microparticles (2 μm, coated with biotin) flown at a shear rate of 240 s−1 also adhere in larger numbers near the bifurcation compared with the linear part of
the construct. (E) Confluent layer of rat brain endothelial (RBE4) cells in an SMN channel. RBE4 cells are stained with Hoechst (nuclei are stained blue) and
MitoTracker Red (mitochondria are stained red). For further details, see ref. 3.

Fig. S2. Attachment of particles to endothelial cells in static cell culture. Confocal micrographs showing attachment of ICAM-mAb– or IgG-coated rods and
spheres to RBE4 cells at 30 min. The bar graph shows the average fluorescence quantified in ImageJ for each particle shape and antibody. IgG-rods (IgG-R) and
IgG-spheres (IgG-S) are not statistically different from each other. ICAM-rods (ICAM-R) and ICAM-spheres (ICAM-S) are statistically different from each other.
Scale bar, 10 μm. Thirty cells through three independent experiments were used for image analysis.
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Fig. S3. Attachment of particles to endothelial cells under flow. Quantification of attachment of particles coated with IgG (spheres or rods) or anti-ICAM
(spheres or rods) at 60 s−1 at the inlet of the device.

Fig. S4. In vivo biodistribution of anti-ICAM–coated particles administered in a 100-fold higher dose. The bar graph represents the percentage of injected
dosage per gram of organ (%ID/gram) for anti–ICAM-mAb–coated spheres (black) and rods (hatched) for a high dose. The %ID/gram in lungs depends on the
number of particles injected (n = 3–5 for all in vivo experiments).
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Fig. S5. In vivo biodistribution of anti-transferrin receptor (TfR)-coated particles. (A) Percentage of injected dosage per gram of organ (%ID/gram) for anti–
TfR-mAb–coated spheres (black) and rods (hatched). (B) Zoomed-in view of the brain biodistribution in A (n = 3–5 for all in vivo experiments).

Table S1. Characterization of antibody-coated particles

Particle Dimension(s), nm Zeta potential, mV
Protein per 1 mg of

particle, μg

IgG-spheres 205 ± 0.01, diameter −50.9 ± 0.2 37.3 ± 4.1
IgG-rods 501 ± 43.6 × 123.6 ± 13.3 −31.2 ± 0.3 48.5 ± 2.9
ICAM-spheres 205 ± 0.01, diameter −43.2 ± 2.1 45.53 ± 4.6
ICAM-rods 501 ± 43.6 × 123.6 ± 13.3 −23.6 ± 0.4 66.25 ± 15.5
TfR-spheres 205 ± 0.01, diameter −48.4 ± 1.0 41.43 ± 7.8
TfR-rods 501 ± 43.6 × 123.6 ± 13.3 −30.1 ± 0.1 48.2 ± 12.4
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