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Multivalent binding, the simultaneous binding of multiple
ligands to multiple receptors, has played a central role in a
number of pathological processes, including the attachment of
viral, parasitic, mycoplasmal, and bacterial pathogens.[!]
These biological activities have been extensively investigated
to promote targeting of specific cell types,? and biological
multivalent inhibitors have yielded significant increases in
binding avidities by one to nine orders of magnitude.”’l In
particular, nanoscale poly(amidoamine) (PAMAM) dendrim-
ers have been reported to be an excellent mediator for
facilitated multivalent effect owing to their capability to
preorganize/orient ligands and the easy deformability of the
polymer chains.*!

We hypothesized that the advantages of enhanced binding
avidity through the dendrimer-mediated multivalent effect
could significantly improve detection of human disease-
related rare cells (< 0.1 % subpopulation), such as circulating
tumor cells (CTCs) in peripheral blood. Given the extreme
rareness of CTCs (as few as one out of a billion hematologic
cells), a very sensitive, specific detection is obviously neces-
sary to achieve clinically significant CTC detection. Many
efforts to increase sensitivity of CTC devices have been
reported, which are mostly based upon engineering, such as
topographical modifications and chaotic mixer fluidics."
Herein, we have investigated a new approach to exploit
naturally occurring processes using nanotechnology, that is,
biomimetic nanotechnology. To create a highly sensitive
surface utilizing the multivalent effect, we have employed
seventh-generation (G7) PAMAM dendrimers and the anti-
epithelial cell adhesion molecule (aEpCAM), as illustrated in
Figure 1. Note that aEpCAM is one of the most commonly
used CTC capturing agents,*>*% as EpCAM is often
expressed by CTCs but not by normal hematological
cells.®®1 G7 PAMAM dendrimers were chosen owing to
their adequate size (8-10 nm in diameter) and number of
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Dendrimer-immobilized surfaces

PEGylated surfaces

Figure 1. lllustration and fluorescence images of tumor cell capture on
surfaces using aEpCAM immobilized with a) dendrimers and b) linear
poly(ethylene glycol).

surface functional groups (512 theoretically) to accommodate
multiple aEpCAM (around 5.5 nm in diameter of Fc region)
per dendrimer, thereby enabling multivalent binding. Fur-
thermore, another physiological process cell rolling mediated
by E-selectin, mimicking the initial CTC recruiting process to
the endothelia,® has been also implemented to our device to
further enhance surface sensitivity and specificity towards
tumor cells.

To investigate the dendrimer-mediated multivalent bind-
ing, we directly measured the binding behaviors of the G7-
aEpCAM conjugates using surface plasmon resonance
(SPR).”) G7 PAMAM dendrimers were carboxylated and
conjugated with aEpCAM, which was confirmed by '"H NMR
and size/zeta potential analyses (for details, see the Support-
ing Information)."”! The UV analysis revealed that 2.8 and 4.9
aEpCAM molecules were conjugated per dendrimer, result-
ing in G7-(aEpCAM),; and G7-(aEpCAM),,, respectively.
The binding parameters of the G7-aEpCAM conjugates to
EpCAM-immobilized sensor chips were recorded and com-
pared to those of free aEpCAM. The carboxylated G7
PAMAM dendrimers without aEpCAM showed no non-
specific binding, assuring that the observed binding events of
the G7-aEpCAM conjugates are the result of specific
EpCAM-aEpCAM interactions. The SPR sensorgrams (Sup-
porting Information, Figure S5) were used to obtain the
quantitative binding kinetic parameters, such as association
rate constant (k,) and dissociation rate constant (k,; Table 1).
Dissociation constants (Kp) were calculated from the mea-
sured k, and ky (Kp=kyk,=1/K,), where a lower value of
Ky, corresponds to a stronger binding strength.

As listed in Table 1, the dendrimer conjugates show
significantly lower Ky values than free aEpCAM. The
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Table 1: Kinetic parameters for the binding of free aEpCAM and G7-aEpCAM conjugates to EpCAM surface (for results using other cell
measured by SPR." lines, see the Supporting Informa-
Kinetic parameters tion). To quantitatively analyze the

k, [Lmol™'s™"] ke [s™ K4 [Lmol™'] Ko [mol L™ § multivalent effect in the cell adhe-

free aEpCAM 137 1.0x10-* 1.4%10° 73510 B sion experiments, the dissociation
G7-(aEpCAM), 5.2x10 13x107* 2.8x10° 3.5%10°3 21.0 rate constant of the cell-surface
G7-(aEpCAM) 4 1.2x10° 7.3x10°% 1.8x10" 58x107" 1.3x10° complexes were calculated by non-
[a] All kinetic values were obtained by averaging at least three independent runs of SPR measurements. linear curve fitting using the follow-
B=multivalency parameter. ing exponential dissociation Equa-

tion (2):1*?
changes in the dissociation constants can be expressed by the Y=Yp+Ae @)

multivalency parameter  [Equation (1)]:I">%!

' where Y'is the number of remaining cells on a surface at ¢, Y,
BKR = K™ (1) is the number of the surface-bound cells after reaching a

where K™ is the dissociation constant of free aEpCAM a) 204

(K™ =73x10"molL™"), and N is the number of ligands 8
(2.8 and 4.9) per dendrimer. The dissociation constants of the g g ]
conjugates with multiple aEpCAMs, K3, were measured to % ® 164
be KIi=35x10"molL™" and KJ"=5.8x10" molL™, S
providing f values of 21.01 and 1.26 x 10°%, respectively. The g _% 14
phenomenal increase in binding avidity of G7-(aEpCAM),, ]
by a factor of approximately one million is largely due to the % e 1.2
exponen[ti]al decrease in kg, which is typical for multivalent %

2a o

binding. 1.0

To translate the multivalent binding benefit to enhanced

tumor cell capture on surfaces, aEpCAM was covalently § g § § g §
immobilized to G7 PAMAM dendrimer-coated surfaces and = 2 = = 2 =
using a similar method described earlier (for details, see the

Supporting Information).™" The cell adhesion of the dendri- 5 ug mL™" aEpCAM 3.4 ug mL™" aEpCAM

mer surfaces was compared to that of the linear polymer b)
poly(ethylene glycol) (PEG)-immobilized (PEGylated) sur-

faces. Three breast cancer cell lines, MDA-MB-361, MCF-7,

and MDA-MB-231 cells, were employed as CTC models. The
comparison analysis using the cancer cells (Figure 2 a) showed

that the dendrimer-immobilized surfaces induced substan-

tially more cells to be bound than the PEGylated surfaces for

all three cell lines. The cell-bound surfaces were then agitated

to show the stability of the cell binding on each surface. The
number of remaining cells was normalized based on the initial

cell number attached to each surface before agitation. Fig-

ure 2b shows that greater numbers of the bound cancer cells
(MDA-MB-361 cells) remained on the dendrimer-immobi- Static Agitation / min
lized surface upon agitation than those on the PEGylated

Fraction of Remaining Cells

c)
120
Figure 2. Enhanced cell adhesion and binding stability on dendrimer- %
coated surfaces under static conditions. a) Ratios of the numbers of

3k
the bound cancer cells on dendrimer-immobilized surfaces to those on 904
the PEGylated surfaces. Error bars: standard error (n>3). b) Dissocia-
tion kinetics of MDA-MB-361 cells on dendrimer-immobilized surfaces : 604
and PEGylated surfaces. m 5 ugmL™"' aEpCAM on G7, ¥ 3.4 uygmL™’
aEpCAM on G7, @ 5 pgmL™' aEpCAM on PEG. Error bars: standard
error (n=3). c) Recovery yields of captured MDA-MB-361 cells using 30
various numbers (10, 20, 200, and 1000) of cells spiked with and
without HL-60 cells. Significant improvements of the dendrimer 0

10

Recovery Yield / %

surfaces were observed when either 10° of cancer cells were applied or
the cells were mixed with HL-60 cells (107 cells per surface). Open
bars =dendrimers, filled bars=PEG. Error bars: standard error (n=3). No HL-60 Cells 107 of HL-60 Cells
Asterisks indicate p <0.05.
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plateau, A is the difference between the number of cells at
0 min and at the plateau, and ¢ is time. The plateau is defined
as the region where no more cells are being detached from the
surfaces. Although the dissociation rate constants vary
between the cell types, it is obvious that all cancer cells
exhibit the significantly slower dissociation rates (up to 5.2-
fold for MCF-7 cells) from the dendrimer-immobilized
surfaces than those from the PEGylated surfaces (Supporting
Information, Table S3). Association rates were also calculated
using an equation published by Motulsky et al. (for details,
see the Supporting Information).™™ The dendrimer-immobi-
lized surfaces induce the slow dissociation and the enhanced
association of the cancer cells.

We also observed that dendrimer-coated surfaces accom-
modate more aEpCAM to be immobilized than the PEG-
ylated surfaces do, even under identical protein immobiliza-
tion conditions. This is an additional advantage of using
dendrimers. However, it is possible that the observed
enhancement in tumor cell capturing is simply due to the
increased amount of aEpCAM present on the dendrimer-
coated surfaces rather than the multivalent binding. To
investigate this, a reduced concentration (from 5.0 to
3.4 ygmL™") of aEpCAM was applied onto the dendrimer-
immobilized surfaces to match the surface density of
aEpCAM on the PEGylated surfaces where 5.0 pgmL~' of
aEpCAM was added (for details, see the Supporting Infor-
mation). Although the number of the captured cells on the
dendrimer-coated surfaces was reduced, the dendrimer-
coated surfaces still exhibit similar or higher initial capture
efficiencies than the PEGylated surface (Figure 2a, the right
three bars). More importantly, the dendrimer surfaces show
markedly decreased dissociation rate constants of the surface
binding of the tumor cells (up to 3.6-fold) and the enhanced
binding stability upon agitation (up to 15.2-fold), compared to
the PEGylated surface counterparts (for details, see the
Supporting Information). These results indicate that the
multivalent binding effect mediated by dendrimers is the
major factor that enhances the cancer cell capture efficiency
and the surface binding strength of the tumor cells.

To further evaluate the tumor cell adhesion under various
conditions, we performed a series of regression assays using
Calcein AM-labeled MDA-MB-361 cells spiked with 10’ HL-
60 cells (Figure 2¢). Human leukemia HL-60 cells were used
as a control leukocyte model, and the numbers of the spiked
cancer cells and HL-60 cells in the mixtures were decided to
simulate the clinical samples (roughly 1 CTC per 10°-10°
leukocytes'). Although the recovery yield (the number of
the cells being captured divided by the number of the cells
that were originally spiked) of the both surfaces was generally
decreased with an increase in the number of the applied cells,
the recovery yield of the dendrimer-immobilized surfaces (at
least over 70 % regardless of the presence of HL-60 cells) was
remarkably greater than those on the PEGylated surfaces. In
contrast, the recovery yield of the PEGylated surfaces
dropped rapidly from about 80% to about 20% when the
cell mixtures were applied. These results further support that
the dendrimer-immobilized surfaces are superior to the linear
polymer-functionalized surfaces in terms of the detection
sensitivity from the cell mixtures.
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Figure 3. Enhanced cell binding stability by a combination of multi-
valent binding and cell rolling under flow. Three substrates (gray=
epoxy-functionalized, black=PEGCylated, and white =dendrimer-immo-
bilized surfaces) treated with aEpCAM alone (a) or with both aEpCAM
and E-selectin (b) were compared in terms of capture efficiency. The
captured cancer cells on the surfaces were counted after injection of
cell suspensions and washing with PBS at a shear stress of

0.8 dyncm™?, followed by normalization based on the number of each
cell line on the epoxy-functionalized surfaces without E-selectin. An up
to sevenfold enhancement in the capture efficiency by the dendrimer-
immobilized surface was achieved through combination of rolling (E-
selectin) and multivalent binding (aEpCAM). Error bars: standard error
(n=3).

The dendrimer-mediated cell capture was further assessed
under dynamic conditions (under flow) by comparing three
substrates (epoxy functionalized, PEGylated, and dendrimer-
immobilized) using a parallel-plate flow chamber.®™ Fig-
ure 3a shows fold enhancements in capture efficiency of the
three surfaces after a harsh washing step (washing with PBS
for 5min at a flow rate of 500 pLmin~' (0.8 dyncm?)).
Compared to the epoxy-functionalized surface where
aEpCAM was immobilized without a polymer linker (PEG
or dendrimer), the PEGylated surface exhibited slightly
improved capture efficiency (1.1-1.7-fold). More importantly,
a significantly enhanced capture efficiency was observed on
the surface with dendrimers (1.7-3.7-fold, Figure 3 a), further
supporting that dendrimers indeed mediated the multivalent
binding effect in cell capture.

In our previous report, the biomimetic combination of
dynamic rolling (E-selectin) and stationary binding
(aEpCAM) showed substantially enhanced capture efficiency
(more than threefold enhancement), as compared to a surface
functionalized solely with aEpCAM.® To utilize the bio-
mimetic effect, the three types of the aEpCAM-immobilized
surfaces were treated with E-selectin and characterized by
immunostaining using monoclonal anti-E-selectin-fluorescein
(Supporting Information, Figure S9). The capture efficiencies
of all three surfaces after addition of E-selectin were
significantly improved than those treated only with
aEpCAM (Figure 3), indicating that additional cell rolling
mediated by E-selectin synergistically cooperates with sta-
tionary binding through aEpCAM. In particular, for the
dendrimer-immobilized surface after adding E-selectin, a
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remarkable seven-fold enhancement in capture efficiency was
observed, as shown in Figure 3b in the case of MDA-MB-231
cells.

The dramatic enhancement in tumor cell capturing of the
dendrimer surfaces is a result of the combined effect of
multivalent binding and efficient protein immobilization,
which is most likely due to the spherical architecture of
dendrimers. Obviously, dendrimers can provide more func-
tional groups available to protein immobilization than linear
polymers. However, it is noteworthy to discuss why the same
level of the multivalent binding was not observed in the linear
polymer-coated surfaces. To induce the multivalent binding
effect efficiently, the selection of scaffolds and linkers is
crucial.™ The three-dimensional structure of the dendrimer
organizes the ligands into a small region of space, as
compared to what can be obtained when the ligands are
conjugated to a linear polymer of similar molecular
weight.?*1¢! This geometric advantage likely reduces the
energy of deformation (entropy) of ligands on the dendrimer
surface to bind with their receptors, facilitating the localized
multivalent binding. Furthermore, it has been known that the
carboxylated dendrimer has good accessibility of target cells
to the immobilized targeting ligands on the dendrimer
surface,™ and reduces denaturation of the ligands during
immobilization.!"”

Taken together, the significantly increased binding avidity
of the G7-aEpCAM conjugates measured by SPR, along with
the enhanced binding stability of the tumor cells on the
dendrimer-functionalized surfaces, supports our hypothesis
that the dendrimer-mediated multivalent binding effect can
be exploited in cell capture on engineered surfaces. Addi-
tionally, we have shown that the combination of the two
biomimetic approaches, that is, multivalent binding and cell
rolling, substantially enhances the tumor cell detection. Our
results demonstrate that the combination of nanotechnology
and biomimicry has a great potential to be applied for highly
sensitive detection of rare tumor cells from blood.
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Dendrimer-Mediated Multivalent Binding
for the Enhanced Capture of Tumor Cells

A naturally occurring multivalent binding  tion of tumor cells. This improvement

effect is manipulated by engineering cell  can be potentially translated into clinically
capture surfaces using dendrimers. The significant detection of circulating tumor
enhanced binding through the multiva- cells from the blood of cancer patients.

lent effect significantly improves detec-
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