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From the National Microgravity Laboratory and Center for Biomechanics and Bioengineering, Institute of Mechanics,
Chinese Academy of Sciences, Beijing 100080, China

Mechanics and surface microtopology of the molecular car-
rier influence cell adhesion, but the mechanisms underlying
these effects are not well understood. We used a micropipette
adhesion frequency assay to quantify how the carrier stiffness
and microtopology affected two-dimensional kinetics of inter-
acting adhesion molecules on two apposing surfaces. Interac-
tions of P-selectin with P-selectin glycoprotein ligand-1
(PSGL-1) were used to demonstrate such effects by presenting
the molecules on three carrier systems: human red blood cells
(RBCs), human promyelocytic leukemia HL-60 cells, and poly-
styrene beads. Stiffening the carrier alone or in cooperationwith
roughing the surface lowered the two-dimensional affinity of
interacting molecules by reducing the forward rate but not the
reverse rate, whereas softening the carrier and roughing the sur-
face had opposing effects in affecting two-dimensional kinetics.
In contrast, the soluble antibody bound with similar three-di-
mensional affinity to surface-anchored P-selectin or PSGL-1
constructs regardless of carrier stiffness and microtopology.
These results demonstrate that the carrier stiffness and micro-
topology of a receptor influences its rate of encountering and
binding a surface ligand but does not subsequently affect the
stability of binding. This provides new insights into understand-
ing the rolling and tethering mechanism of leukocytes onto
endothelium in both physiological and pathological processes.

Selectins are important adhesive molecules that mediate the
cell adhesions in such biological processes as platelet thrombo-
sis, inflammatory responses, as well as tumor metastasis (1, 2).
For example, selectin-ligand interactions mediate the rolling
and tethering of leukocytes onto endothelium in blood flow.
Three known selectin members, P-, E-, and L-selectin, have a
common structure: an N-terminal, calcium-type lectin (Lec)5

domain, followed by an epidermal growth factor (EGF)-like
module, multiple copies of consensus repeat (CR) units charac-
teristic of complement binding proteins, a transmembrane seg-
ment, and a short cytoplasmic domain (3, 4). As a biochemically
well-characterized selectin ligand, P-selectin glycoprotein
ligand-1 (PSGL-1) consists of homodimer cross-linked by dis-
ulfate bonds and binds to selectins through its N-terminal sul-
foglycopeptide, which includes three tyrosine sulfates and the
core-2 O-glycan (5–8).
Tomediate cell adhesion, receptors and their ligandsmust be

anchored onto two apposed surfaces, which is the so-called
two-dimensional interaction. This is different from three-di-
mensional binding, where at least one of the receptors and
ligands is in the fluid phase. Not only is two-dimensional kinet-
ics of receptor-ligand binding determined by their intrinsic
structures, but it also depends on their surface presentation as
well as the stiffness and microtopology of molecule-bearing
carrier. On the one hand, randomizing the selectin construct or
rabbit immunoglobulin G (rIgG) or lowering the length of
selectin extending outward from the cell surface significantly
reduces the two-dimensional forward rate, but not reverse rate,
of selectin-ligand or CD16-rIgG interactions (9). HL-60 cells
adhere to immobilized full-length E-selectin, which contains all
six CRs, but not to shorter E-selectin constructs with two or less
CRs. However, they bind to the short E-selectin constructs with
two or less CRs when they are captured by a nonblocking
monoclonal antibody (mAb) adsorbed on the plastic surface
(6). On the other hand, the stiffness and microtopology of the
molecule-bearing carrier onto which receptors and ligands are
anchored influence cell adhesion mediated by receptor-ligand
binding. For example, CD16bmolecules coupled onto relatively
smoother human red blood cells (RBCs) bind to their human
IgG ligand with a �50-fold increase in two-dimensional effec-
tive affinity over those transfected onto relatively rougher Chi-
nese hamster ovary (CHO) cells or human erythroleukemia
K562 cells (10). Compared with intact neutrophils with the soft
and rough configuration and fixed neutrophils with the rela-
tively stiff and rough configuration, stiff and smooth PSGL-1-
bearing microbeads roll faster and dissociate briefly over P-se-
lectin-immobilized substrate (11). Cytochalasin B treatment or
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hypotonic swelling of neutrophils disrupts the tethering to and
enhances the rolling on E- or P-selectin-immobilized substrate
in shear flow, probably because of a likely increase in the area of
cell-substrate contact (12). Extensible microvilli, in contrast to
rigid and non-extensible microvilli, reduced the pulling forces
imposed on L-selectin-PSGL-1 bonds and facilitate the tether
formation and rolling on endothelium (13). However, the
effects of carrier stiffness and microtopology on two-dimen-
sional binding have not been quantified systematically.
To test this possibility, three molecule-bearing carriers:

RBCs with deformable membrane and relatively smooth sur-
faces, human promyelocytic leukemia HL-60 cells with less
deformable membrane and rough surfaces, and polystyrene
beads with stiff and smooth surfaces, were used in the current
work. P-selectin and PSGL-1 were, respectively, coated or
expressed onto the carrier surface with distinct stiffness and
microtopology, and the effect on two-dimensional kinetics of
P-selectin-PSGL-1 binding was investigated. Our results indi-
cated that the carrier stiffness andmicrotopology influence the
two-dimensional forward rate but not the reverse rate of the
molecule of interest, whereas they have no effect on three-di-
mensional affinity. These results provide insights into the bio-
physical mechanisms by which the carrier stiffness and micro-
topology affect cell adhesion.

EXPERIMENTAL PROCEDURES

Cells, Beads, and Proteins—Human RBCs were isolated from
whole blood of normal healthy volunteers as previously
described (14). Briefly, �5 ml of whole blood was collected by
venipuncture into sterile tubes containing EDTA. This was
centrifuged (30 min, 700 � g, room temperature), and the
supernatant was removed. The pelleted RBCs were washed
twice in RBC storage solution (EAS45�) (15) and stored asep-
tically at 4 °C in EAS45� for up to 2 weeks with negligible
hemolysis. Human promyelocytic leukemia HL-60 cells from
ATCCwere grown inRPMI 1640mediumsupplementedwith 2
mM L-glutamine, 100 units/ml penicillin, 10 �g/ml streptomy-
cin, and 10% fetal bovine serum. HL-60 cells constitutively
express PSGL-1 ligands for P- and E-selectin. Streptavidin-cou-
pled polystyrene beads with a diameter of �5 �m were pur-
chased from Bangslabs Inc.
Soluble P-selectin (sPs) consisting of Lec-EGF domains plus

nine CRs, but no transmembrane or cytoplasmic domains (16),
anti-P-selectin blocking (G1) and capturing (S12) (17) mAbs,
and anti-PSGL-1 blocking (PL1) and non-blocking (PL2) mAbs
(5) (all mouse IgG1, mIgG1) were generous gifts from Dr.
Rodger P. McEver (Oklahoma Medical Research Foundation).
PSGL-1 constructs were purified following amodified protocol
previously reported (18), and the purity of the proteins were
analyzed by SDS-PAGE on 7.5% polyacrylamide gels followed
by silver staining. Anti-CD58 mAb TS2/9 (mIgG1) was a gen-
erous gift from Dr. Periasamy Selvaraj (Emory University
School of Medicine) (19). Fluorescein isothiocyanate (FITC)-
labeled anti-P-selectin mAb G1 was purchased from Ancell
Corp. (Bayport, MN). FITC-labeled goat anti-mouse antibody
and the irrelevant control mIgG1 were from Sigma.
Coupling Proteins onto RBCs or Beads—A modified chro-

mium chloride (CrCl3) method described previously was used

to couple mIgG1 or capturing mAbs (S12 or PL2) onto the
surface of fresh human RBCs (9, 20). The coupling efficiency of
proteinswas examined by flow cytometry, usingCD58, which is
constitutively expressed on RBCs at a known density as a stand-
ard (21). The capturing mAb-coated RBCs were first incubated
with 50–200 ng/ml of respective P-selectin and PSGL-1 con-
structs for 30 min at room temperature before being used in
micropipette aspiration measurements, whereas mIgG1-
coatedRBCswere incubatedwith the sameproteins andused as
a control.
To form a biological force probe, the biotinylated capturing

mAbs (S12 or PL2) were coupled onto the surface of a strepta-
vidin-coated polystyrene bead, and the bead was then linked to
a biotinylated human RBC (cf. Fig. 2, d� and e�). A biotinylation
method described previously (22) was modified to biotinylate
the capturingmAbs andRBCs. Briefly, NHS-LC-Biotin (Pierce)
was dissolved into dimethyl formamide to a final concentration
5 � 10 mM. 3–5 �l of NHS-LC-Biotin solution in dimethyl
formamide were added into 300 �l of capturing mAb solution
in a concentration of 50 �g/ml or 190 �l of RBC suspension in
a concentration of �107/ml. After 30 min of incubation, the
capturingmAb solutionwas eluted via aD-Salt DextranDesalt-
ing Column (Pierce) in phosphate-buffered saline to exclude
the unbound NHS-LC-Biotin, and the biotinylating efficiency
was confirmed using an ImmunuPure� HABA kit (Pierce).
Biotinylated RBCs were directly washed three times in phos-
phate-buffered saline and then stored in EAS45� in �107/ml.
The biotinylated capturing mAbs and RBCs can be stored for
severalmonths and one or twoweeks, respectively. Next, 5�l of
biotinylated capturing mAbs (S12 or PL2) at 30 �g/ml were
mixed with 300 �l of streptavidin-coated beads in �107/ml for
30 min at room temperature. After washing three times in
phosphate-buffered saline, collected beads were segregated
into two sets: one set of �104 beads was resuspended and incu-
bated with soluble sPs or PSGL-1 proteins at the final concen-
tration of 350 ng/ml; after washing once in PBS, the collected
beads were ready for micropipette aspiration measurements.
Another set was used to determine the site densities of the
molecules of interest (see below).
Site Density Determination—Site densities of surface pro-

teins coated onRBCs or beads or expressed onHL-60 cells were
determined using flow cytometry and/or immunoradiometric
assay (IRMA) (23). To measure densities of G1- or PL1-coated
via CrCl3 coupling, RBCs were incubated directly with FITC-
conjugated goat anti-mouse antibody (4.7 equivalent of FITC
per IgG) at a concentration of 10�g/ml in 200�l of FACSbuffer
(RPMI, 5 mM EDTA, 1% bovine serum albumin, 0.02% sodium
azide) on ice for 40 min. To measure the PSGL-1 expression,
HL-60 cells were incubated first with anti-PSGL-1 mAb PL1
and then with FITC-conjugated goat anti-mouse secondary
antibody (4.4 equivalent of FITC per IgG). After washing, the
cells were analyzed by flow cytometry (Fig. 1a, inset). Site den-
sities were then calculated by comparing the fluorescence
intensities of the cells with those of standard beads (Bangslabs)
(9, 24) (Fig. 1a). To measure densities of P-selectin or PSGL-1
coupled by capturing mAb-coated RBCs or beads, one set of
RBCs or beads precoated with a range of densities of the rele-
vant capturing mAb (three or four densities for each protein)
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were incubated with FITC-conjugated goat anti-mouse anti-
body, and the fluorescence intensities were measured using
flow cytometry as above. Another set of RBCs or beads pre-
coated with the same range of densities of capturing mAb were
incubated with the corresponding P-selectin or PSGL-1, and
their site densities were measured by IRMA (9, 16). A calibra-
tion curve was obtained for each protein by plotting the protein
site density against the mean fluorescence intensity of the cap-
turing mAb (Fig. 1b), thereby allowing calculation of the site
densities of protein of interest from the mean fluorescence
intensities of the capturing mAb.
Micropipette Aspiration Assay—A micropipette adhesion

frequency assay was used to measure the two-dimensional
kinetics of P-selectin-PSGL-1 interactions (9, 14, 24, 25). Five
systems were used to quantify the effect of carrier stiffness and
microtopology: a P-selectin-coated RBC interacting with a
PSGL-1-coated RBC (RBC-RBC) (Fig. 2, a and a�), a P-selectin-
coated RBC interacting with a PSGL-1-expressing HL-60 cell
(RBC-HL-60) (Fig. 2, b and b�) (9), a P-selectin-coated RBC

interacting with a PSGL-1-coated bead (RBC-Bead) (Fig. 2, c
and c�), a P-selectin-coated bead interacting with a PSGL-1-
expressing HL-60 cell (Bead-HL-60) (Fig. 2, d and d�), and a
P-selectin-coated bead interacting with a PSGL-1-coated bead
(Bead-Bead) (Fig. 2, e and e�). Briefly, molecular carriers were
distributed in a hypo-osmotic solution at an osmolarity of 175
mOsm (H2O:HBSS � 1:1.4) to swell the RBC (some experi-
ments were done at 200 and 150 mOsm). Twomolecular carri-
ers were, respectively, aspirated by two micropipettes at a suc-
tion pressure of 4 mmH2O (some measurements were done at
8 and 12 mmH2O) and were staged by placing them onto con-
trolled contact viamicromanipulation. The adhesion at the end
of a given contact period was observed microscopically from
the deflection of the flexible RBCmembrane upon retracting it
away from the RBC or HL-60 cell or the bead. Such a contact-
retraction cycle was repeated a hundred times per pair to esti-
mate the adhesion probability, Pa, at that contact duration, t.
For each case examined,�40 pairs of cells or beadswere used to
obtain several Pa versus t curves that correspond to different
receptor and ligand densities, mr and ml. Each binding curve
was fitted to a small system probabilistic kinetic model (9, 14,
24–27) shown in Equation 1,

Pa � 1 � exp��mrml AcKa
0�1 � exp	�kr

0t
�� (Eq. 1)

to estimate a pair of parameters: the zero-force reverse rate, kr0
and effective binding affinity,mlAcKa

0 (ifmrwas known) orAcKa
0

(if both mr and ml were known), where Ac is the contact area,
which was kept constant in all experiments. Multiple pairs of
(kr0,mlAcKa

0) or (kr0,AcKa
0) valueswere obtained for each stiffness

and microtopology to allow evaluation of the mean and stand-
ard deviation. The statistical significance (or the lack thereof) of
the difference between the two-dimensional affinities (or
reverse rates) of the P-selectin-PSGL-1 pair presented with dif-
ferent carrier stiffness and microtopology was assessed using
the Student’s t test.
In one set of experiments, adhesion frequencies between

RBCs coated with G1 via CrCl3 coupling and P-selectin-coated
RBCs or beads or between RBCs coated with PL1 via CrCl3
coupling and PSGL-1-expressing HL-60 cells or PSGL-1-
coated beads were measured at a single contact time of 4 s, and
the results were expressed as y � �ln(1 � Pa)/(mr � ml). 5–6
pairs of cells were measured for each case, and the statistical
significance of the differences between the results from differ-
ent conditions were assessed by the Student’s t test.
Scatchard Analysis—Scatchard analysis was used to deter-

mine three-dimensional binding affinities of 125I-labeled G1 or
PL1mAb in the fluid phase for either sPs or PSGL-1 constructs
coated on RBC or bead surfaces by precoated capturing mAbs
(S12 or PL2) or expressed onHL-60 cells (9, 17, 28). Briefly, 200
�l of 0.1–6 �g/ml 125I-G1 or 125I-PL1 was added to �5 � 106
cells or beads. After incubation at 4 °C for 30min, 500�l of a 2:8
ratio ofGS-1 sealing oil (SifangOil Inc., Beijing): dibutyl phthal-
ate (Sigma) oil mixture was added into each sample, which was
then centrifuged to separate the free 125I-G1 or 125I-PL1 from
the cells or beads. Radioactivity associated with the cell pellets
or packed beads was measured using a �-counter. Specific
binding of G1 or PL1 mAb was calculated by subtracting the

FIGURE 1. Site density determination. a, flow cytometry was used to deter-
mine site density of PSGL-1 constitutively expressed on HL-60 cells and G1-
and PL1-coated RBCs. The calibration curve of standard beads was plotted as
molecules of equivalent soluble fluorochromes (MESF) against fluorescence
intensity of beads measured by cytometry (inset, filled histograms labeled
Beads) using the manufacturer-provided program. Fluorescence intensity of
PSGL-1 was measured from the cytometry (inset, unfilled histogram labeled
PSGL-1), and the site density was estimated from calibration curves of stand-
ard beads after subtracting the negative control (inset, open histogram
labeled NC). b, combined immunoradiometric and flow cytometry assays
were employed to determine site densities of P-selectin or PSGL-1 captured
by capturing mAbs (S12 or PL2) precoated on RBCs or beads. The calibration
curve was plotted as site density of P-selectin or PSGL-1, determined using an
immunoradiometric assay, against fluorescence intensity of the capturing
mAbs (S12 or PL2), measured using the flow cytometry assay. Data for P-se-
lectin on beads (open triangles) and PSGL-1 on beads (open squares) and RBCs
(open cycles) were, respectively, fitted with straight lines (solid lines).
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nonspecific binding. All assays were performed in triplicate.
The statistical significance of the difference between three-
dimensional affinities of the G1-P-selectin and the PL1-
PSGL-1 pair presented with different carrier stiffness and
microtopology was assessed using the Student’s t test.

RESULTS

Binding Is SpecificallyMediated—The adhesion frequency at
sufficiently long contact time (t3 ∞) was used to quantify the
binding in control experiments. As exemplified for P-selectin-
PSGL-1 binding in the RBC-RBC configuration (Figs. 2a, 2a�,
and 3a), adhesion frequenciesmeasured using themicropipette
assay were mediated by specific P-selectin-PSGL-1 interac-
tions, because they were present when the RBCs were coated
with S12 and PL1mAbs to capture P-selectin and PSGL-1 con-
structs, respectively, but were abolished when P-selectin or
PSGL-1 constructs were absent. In addition, binding was
blocked bymAbs against PSGL-1 (PL1), P-selectin (G1), and by
the calcium chelator EDTA (Fig. 3a). Binding specificity for the
other four configurations of RBC-HL-60 (Fig. 2, b and b� and
Ref. 9), RBC-Bead (Figs. 2c, 2c�, and 3b), Bead-HL-60 (Figs. 2d,
2d�, and 3c), and Bead-Bead (Figs. 2e, 2e�, and 3d) were con-
firmed by similar experiments.
Binding Follows Simple Kinetics—Contact duration depend-

ence of adhesion frequency was measured using the micropi-
pette assay at contact times ranging from 0.25–7 s in four
configurations of RBC-RBC (Fig. 4a), RBC-Bead (Fig. 4b),
Bead-HL-60 (Fig. 4c), and Bead-Bead (Fig. 4d). Site densities
used were systematically varied by varying the amount of
coated capturing mAb (S12 or PL2), as summarized in the inset
in Fig. 4d. The adhesion probability,Pa, was obtained by remov-
ing the nonspecific adhesion frequency, Pn (dashed lines in Fig.
4, a–d, obtained by fitting the directly measured nonspecific
adhesion frequency to Eq. 1), from the directly measured total
adhesion frequency, Pt, according to Pa � (Pt � Pn)/(1 � Pn).
Similar to those described previously for RBC-HL-60 configu-
ration (9), the data (points in Fig. 4, a–d) exhibited with a tran-
sient phase where Pa increased with t and a steady phase where
Pa reached equilibrium. For each configuration of distinct stiff-

ness and microtopology, Eq. 1 was used to best fit each binding
curve to obtain two kinetic parameters of kr0 and AcKa

0. The
mean reverse rate and effective binding affinity were calculated
from two pairs of kr0 and AcKa

0 values at two densities of recep-
tors. The mean kr0 and AcKa

0 values were then used, along with
the correspondingmr andml values measured from independ-
ent experiments, to predict each Pa versus t curve (solid lines in
Fig. 4, a–d). It is evident that the model fits the data well.
Carrier Stiffness Affects Two-dimensional Forward Rates but

Not Reverse Rates—To alter the stiffness of molecular carrier,
PSGL-1 constructs were coated on a soft RBC and a stiff bead
via capturing by precoated mAb PL2, respectively, and then
bound to a P-selectin-coated RBC to form two configurations
of RBC-RBC (Fig. 2, a and a�) and RBC-Bead (Fig. 2, c and c�).
For each configuration, densities of P-selectin binding sites
were quantified using adhesion-blocking mAbs, and Pa versus t

FIGURE 3. Binding specificity. A carrier (RBC or bead) coated by sPs captured
via S12 bound specifically to another carrier (RBC or bead) coated by PSGL-1
captured via PL2 or an HL-60 cell expressing PSGL-1. The adhesion was abol-
ished when PSGL-1 or sPs was absent or when anti-PSGL-1 mAb PL1 or anti-
P-selectin mAb G1 or EDTA was present. Data are presented as the means 

S.E. of probability at t3 �. The symbols (�) and (�) represent the presence
and absence of that protein or reagent, respectively.

FIGURE 2. Experimental configurations. a and a�, binding of an RBC coated by sPs captured via S12 to another RBC coated by PSGL-1 captured via PL2. b and
b�, binding of an RBC coated by sPs captured via S12 to an HL-60 cell expressing PSGL-1. c and c�, binding of an RBC coated by sPs captured via S12 to a bead
coated by PSGL-1 captured via PL2. d and d�, binding of a bead coated by sPs captured via S12 and cross-linked to an RBC via biotin-streptavidin coupling to
an HL-60 cell-expressing PSGL-1. e and e�, binding of a bead coated by sPs captured via S12 and cross-linked to an RBC via biotin-streptavidin coupling to a bead
coated by PSGL-1 captured via PL2. Upper panels (a– e) are scanning electron microscopic images, and lower panels (a�– e�) are schematics of micropipette
aspiration assay for each configuration.
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curves were measured using the micropipette aspiration assay.
As exemplified in Fig. 4, a and b, an �8.7-fold higher site den-
sity was required for PSGL-1-coated beads than for PSGL-1-
coated RBCs to reach the same level of steady-state adhesion
frequency Pa(∞)� 0.4 (comparing the upper solid curve atml �
mr � 19.9 � 7.9 � 157.2 �m�4 in Fig. 4b with the lower solid
curve at ml � mr � 4.9 � 3.7 � 18.1 �m�4 in Fig. 4a). By
comparison, the time required to reach the half-equilibrium
binding level, t1⁄2, was the same. Because the equilibrium bind-
ing Pa(∞) is related to the binding affinity, AcKa

0 � �ln[1 �
Pa(∞)]/(mr � ml), and the half-time t1⁄2 is related to the reverse
rate, kr0 � 0.5/t1⁄2 (24, 28), our data indicated that interacting
PSGL-1 presented on the stiff carrier bound P-selectin with a
lower effective binding affinity but a similar reverse rate com-
pared with those presented on the soft carrier. These observa-
tions were confirmed by comparing the kinetic parameters
obtained from fitting Equation 1 to the Pa versus t curves. The
zero-force reverse rates for PSGL-1 coated on beads and RBCs
were similar (kr0 � 0.7
 0.1 and 0.6
 0.1 s�1, respectively, p�
0.65). By contrast, the binding affinity for PSGL-1-coated beads
was 4.9-fold lower than that for PSGL-1 coated on RBCs (AcKa

0 �
(4.55 
 1.77) � 10�3 and (2.25 
 0.79) � 10�2 �m4, respec-
tively, p � 0.09) (open and solid bars in Fig. 5). The effective
forward rate (calculated from Ackf0 � AcKa � kr0) for PSGL-1-
coated beads was 4.6-fold lower than that for PSGL-1 coated on
RBCs (Ackf0 � 3.06 �10�3 and 1.40 � 10�2 �m4/s, respec-
tively). This isolation of stiffness effects to the forward rate sug-
gests that ligands presented on the soft carrier enhance acces-
sibility for receptors on the apposing surface. It follows from
this hypothesis that the dissociation of the preformed receptor-
ligand bond would not be affected by stiffness, as was observed.

The above hypothesis was further tested by comparing the
binding of P-selectin constructs coated on a soft RBC and a stiff
bead to a PSGL-1-coated mAb bead, respectively, to form two
configurations of RBC-Bead (Fig. 2, c and c�) and Bead-Bead
(Fig. 2, e and e�). Here, a much higher site density ofml � mr �
24.9 � 72.5 � 1805.3 �m�4 was required for sPs-coated beads
to reach the lower steady-state adhesion frequency Pa(∞) �
0.09, whereas the much lower densities of ml � mr � 19.9 �
3.5� 68.7�m�4 was required for sPs-coated RBCs to reach the
higher Pa(∞)� 0.33 (comparing the upper solid curve in Fig. 4d
with the lower solid curve in Fig. 4b). This translates to a 82-fold
lower binding affinity for sPs-coated beads than RBCs (AcKa

0 �
(5.54 
 0.12) � 10�5 and (4.55 
 1.77) � 10�3 �m4, respec-
tively, p� 0.08). By comparison, the zero-force reverse rates for
sPs-coated beads and RBCs were similar (kr0 � 0.8 
 0.1 and
0.7 
 0.1 s�1, respectively, p � 0.4) (right-hatched and open
bars in Fig. 5). The calculated effective forward rate for sPs-
coated beads was 72-fold lower than that for RBCs (Ackf0 �
4.26� 10�5 and 3.06�10�3 �m4/s, respectively). A similar test
was also performed by comparing the two configurations of
Bead-Bead (Fig. 2, e and e�) and RBC-RBC (Fig. 2, a and a�),
which reads out a 405-fold lower binding affinity ((5.54 

0.12) � 10�5 and (2.25 
 0.79) � 10�2 �m4, respectively, p �
0.06) but the similar reverse rate (kr0 � 0.8 
 0.1 and 0.6 
 0.1
s�1, respectively, p � 0.4) for both sPs and PSGL-1 coated on
beads than for both coated on RBCs (right-hatched and solid
bars in Fig. 5). The calculated effective forward rate for Bead-
Bead configuration was 328-fold lower than that for RBC-RBC
configuration (Ackf0 � 4.26 � 10�5 and 1.40 � 10�2 �m4/s,
respectively). These data support the validity of our hypothesis
that carrier stiffness affects the forward rate but not the reverse
rate of receptor-ligand interactions.
Enhancing Carrier Stiffness Reduces the Binding Affinity—

Twomore tests were done to confirm the above mechanism of
stiffness effect. One test was to alter the carrier stiffness by
varying the suction pressure on RBCs. Here sPs-coated RBCs
were pressurized at a suction pressure of 4, 8, and 12 mm H2O
at a constant osmolarity of 175mOsmand then bound to PSGL-

FIGURE 4. Binding curves. Adhesion probability was plotted against contact
duration at different site densities, summarized in the inset in panel d, of ml �
mr � 4.9 � 10.2 and 4.9 � 3.7 �m�4 for RBC-RBC (a), ml � mr � 19.9 � 7.9, and
19.9 � 3.5 �m�4 for RBC-Bead (b), ml � mr � 67.6 � 53.4, and 67.6 � 21.6
�m�4 for Bead-HL-60 cells (c), and ml � mr � 24.9 � 72.5 and 24.9 � 41.7
�m�4 for Bead-Bead (d) configuration. Experimental data (points), presented
as the means 
 S.E. at each contact time and obtained from 27–33 cell pairs
for each curve, were compared with the predictions (solid lines) calculated
from Equation 1 using the best-fit kinetic parameters and the corresponding
ml � mr values. The dashed line represents nonspecific binding, obtained by
fitting Equation 1 to nonspecific data (not shown for the sake of clarity).

FIGURE 5. Kinetic parameters obtained from best-fitting the binding
curves to Equation 1. Data are presented as mean 
 S.D. of reverse rates, kr

0

(a), and of effective binding affinities, AcKa
0 (b), for five configurations of RBC-

RBC (solid bars), RBC-HL-60 (dotted bars) (9), Bead-RBC (open bars), Bead-HL-60
(left-hatched bars), and Bead-Bead (right-hatched bars).
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1-expressed HL-60 cells. At the given site densities ofml � mr �
14.0 � 50.2 � 702.8 �m�4, sPs-coated RBCs bind to PSGL-1-
expressed HL-60 cells at Pa(∞) � 0.59, 0.44, and 0.28 at the
respective suction pressure of 4, 8, and 12 mmH2O (Pa versus t
curves not shown). This translates to themoderate reduction in
binding affinities (AcKa

0 � (1.26 
 0.04), (0.83 
 0.05), and
(0.48 
 0.04) � 10�3 �m4, respectively) when suction pressure
was enhanced from 4 through 12 mm H2O (Fig. 6b). By com-
parison, the zero-force reverse rates at three suction pressures
were similar (kr0 � 0.8
 0.1, 0.9
 0.2 and 0.6
 0.1 s�1, respec-
tively) (Fig. 6a).
Another test was to alter the carrier stiffness by swelling

RBCs with different osmolarities of the medium. Here RBCs
were swollen in three osmolarities of 200, 175, and 150 mOsm
(corresponding to three concentrations of H2O:HBSS: 1:2,
1:1.4, and 1:1, respectively), and adhesion measurements were
performed at 4 mm H2O. At the same site density as above,
sPs-coated RBCs bound to PSGL-1-expressed HL-60 cells at
Pa(∞)� 0.67, 0.59, and 0.52 at the respective osmolarity of 200,
175, and 150 mOsm (Pa versus t curves not shown). This trans-
lates to the moderate reduction in binding affinities (AcKa

0 �
(1.59 
 0.05), (1.26 
 0.04), and (1.05 
 0.06) � 10�3 �m4,
respectively) when osmolarity was reduced from 200 through
150 mOsm (Fig. 7b). By comparison, the zero-force reverse
rates at three suction pressures were similar (kr0 � 0.6 
 0.0,
0.8 
 0.1 and 0.7 
 0.1 s�1, respectively) (Fig. 7a). It was also
indicated that the site density of themolecule of interest did not
vary significantly when increasing suction pressure or decreas-
ingmedium osmolarity (data not shown). Taken together, even
though the wider range alteration in suction pressure and
medium osmolarity is unavailable in the micropipette aspira-
tion assay, themoderate differences in binding affinity still pro-
vide additional support to the hypothesis that stiffening the
molecular carrier reduced the receptor-ligand interactions.
Surface Microtopology Affects Two-dimensional Kinetics—

Toquantify the effects of surfacemicrotopology on two-dimen-
sional kinetics of receptor-ligand interactions, PSGL-1 coated

on the RBC surface (Fig. 2, a and a�) and constitutively
expressed on the HL-60 cell surface (Fig. 2, b and b�) bound to a
P-selectin-coated RBC, respectively, to form two configura-
tions of RBC-RBC and RBC-HL-60. Experiments for the latter
configuration were done in a previous study (9). The binding
affinity for PSGL-1 on HL-60 cells was 6.1-fold lower than
PSGL-1 on RBCs (AcKa

0 � (3.71 
 0.16) � 10�3 and (2.25 

0.79) � 10�2 �m4, respectively, p � 0.08). By comparison, the
zero-force reverse rates were similar for both configurations
(kr0 � 0.9
 0.1 and 0.6
 0.1 s�1, respectively, p� 0.15) (dotted
and solid bars in Fig. 5). The calculated effective forward rate
for PSGL-1 on HL-60 cells was 4.1-fold lower than that for
PSGL-1 on RBCs (Ackf0 � 3.40 � 10�3 and 1.40 � 10�2 �m4/s,
respectively). PSGL-1 molecules were constitutively expressed
on the stiffer and rougher surface of an HL-60 cell, compared
with those coated onto an RBC. Stiffening the carrier and
roughing the surface would have a cooperative effect on reduc-
ing the binding. It follows from this hypothesis that the disso-
ciation of the preformed receptor-ligand bond would not be
affected by microtopology, as was observed.
It is evident that the changes in surface roughness are invari-

ably accompanied by a change in carrier stiffness, which
induces the combined impact on two-dimensional kinetics of
receptor-ligand interactions. To further test this, the binding of
a PSGL-1-expressed HL-60 cell (Fig. 2, b and b�) or a PSGL-1-
coated bead (Fig. 2, c and c�) to a P-selectin-coated RBC were
compared in RBC-HL-60 and RBC-Bead configurations. The
binding affinity, reverse rate, and calculated forward rate for
PSGL-1 on HL-60 cells were similar to those for PSGL-1 on
beads (AcKa

0 � (3.71 
 0.16) � 10�3 and (4.55 
 1.77) � 10�3

�m4, respectively, p � 0.57; kr0 � 0.9 
 0.1 and 0.7 
 0.0 s�1,
respectively, p � 0.09; Ackf0 � 3.40 � 10�3 and 3.06 � 10�3

�m4/s, respectively). PSGL-1 molecules were expressed on the
relatively softer and rougher surface of anHL-60 cell, compared
with those coated onto a bead. Softening the carrier and rough-
ing the surface would have the opposing effects on binding, and
the combined outcome indicated the similar two-dimensional
binding kinetics in the two configurations.

FIGURE 6. Kinetic parameters at different suction pressures of 4 (solid
bars), 8 (dotted bars), and 12 mm H2O (open bars) (corresponding to 29.4,
59.8, and 88.2 pN/�m2, respectively). Data are presented as mean 
 S.D. of
reverse rates, kr

0 (a), and effective binding affinities, AcKa
0 (b), for the RBC-HL-60

configuration.

FIGURE 7. Kinetics parameters at different osmotic resistances of 200
(solid bars), 175 (dotted bars), and 150 mOsm/kg (open bars) (corre-
sponding to the ratios of H2O:HBSS � 1:1, 1:1.4, and 1:2, respectively).
Data are presented as mean 
 S.D. of reverse rates, kr

0 (a), and effective bind-
ing affinities, AcKa

0 (b), for the RBC-HL-60 configuration.
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Similar testing on the combined impact was done by com-
paring the binding of a PSGL-1-expressed HL-60 cell (Fig. 2, d
and d�) or a PSGL-1-coated bead (Fig. 2, e and e�) to a P-selec-
tin-coated bead in Bead-HL-60 and Bead-Bead configurations.
The binding affinity for PSGL-1 on HL-60 cells was 3.1-fold
higher than PSGL-1 on beads (AcKa

0 � (1.72
 0.26)� 10�4 and
(5.54 
 0.12) � 10�5 �m4, respectively, p � 0.03). The zero-
force reverse ratewas 2.3-fold higher for PSGL-1 onHL-60 cells
than on beads (kr0 � 1.8 
 0.4 and 0.8 
 0.1 s�1, respectively,
p � 0.071) (left- and right-hatched bars in Fig. 5), which is still
comparable to those reported in the literature (29–30). The
calculated effective forward rate for PSGL-1 onHL-60 cells was
7.1-fold higher than PSGL-1 on beads (Ackf0 � 3.04 � 10�4 and
0.43 � 10�4 �m4/s, respectively). The observation that the
binding was enhanced in the Bead-HL-60 configuration sug-
gested that the changes in two-dimensional kinetics not only
depend on the combined impact of stiffness andmicrotopology
of a PSGL-1-bearing carrier, but also are associated with the
relevant effects of an apposed P-selectin-bearing carrier.
Lack of Effects of Stiffness and Microtopology on the Three-

dimensional Affinity—The isolation of the effects of carrier
stiffness and microtopology to the forward rate (cf. Fig. 2, a–c
and e) suggests that stiffening and roughing the carrier onto
which a receptor is anchored reduce its accessibility by the
binding partner anchored to the apposing surface. This hypoth-
esis predicts that the effects of carrier stiffness andmicrotopol-
ogy are associated primarilywith two-dimensional binding, and
will reduce or even diminish if the counter molecules are no
longer restricted by their surface anchor. To further test this
prediction, the solution affinities were compared between sPs-
coated RBCs and beads and between PSGL-1-expressed HL-60
cells and PSGL-1-coated beads. Because sufficient soluble sPs
and PSGL-1 were unavailable, the three-dimensional affinities
were measured using 125I-labeled G1 or PL1mAb by Scatchard
plot analysis (9, 17, 28). The three-dimensional affinity
obtained from the negative slope of the linear fit to the Scat-
chard plot was similar for sPs-coated RBCs and beads (0.23 

0.02 and 0.20 
 0.01 nM�1, respectively; p � 0.015), and for
PSGL-1-expressed HL-60 cells and PSGL-1-coated beads
(0.31 
 0.11 and 0.30 
 0.08 nM�1, respectively; p � 0.5) (Fig.
8a). These results support our prediction and suggest that stiff-
ening the carrier and roughing the surface do not remarkably
alter the conformation of the binding region of the molecule of
interest.
To further confirm our prediction regarding the effects of

carrier stiffness and microtopology on two-dimensional (but
not on three-dimensional) affinity and kinetics, micropipette
experiments were performed to measure at t0 � 4 s the adhe-
sion probability of the samemAb G1 (coated on RBC via CrCl3
coupling) to the same sPs-coated RBC or bead, or of the same
mAb PL1 (coated on RBC via CrCl3 coupling) to the same
HL-60 cell or PSGL-1-coated bead, used in the above three-
dimensional affinity experiment. The results were expressed as
y� �ln[1�Pa(t0)]/(mr �ml)�AcKa

0 [1� exp(�kr0t0)] accord-
ing to Equation 1 (Fig. 8b). The differences in the measured
�ln[1 � Pa(t0)]/(mr � ml) values most likely reflect different
two-dimensional affinities, or more precisely, different forward
rates (9). As expected, strong stiffness and microtopology

effects were clearly observable (Fig. 8b; p � 0.005). The quali-
tatively similar effects of carrier stiffness and microtopology
observed indicate the biophysical rather than biological basis of
such effects, which donot depend onwhether themolecules are
constitutively expressed on theHL-60 cell surface or chemically
coated on the RBC or bead surface via CrCl3 coupling.

FIGURE 8. Three-dimensional affinity and two-dimensional binding of G1
to P-selectin and of PL1 to PSGL-1 constructs. a, Scatchard plot analysis for
the three-dimensional affinity of binding of 125I-labeled mAb G1 to sPs-
coated RBCs (solid bar, data from Ref. 9) and beads (open bar), respectively,
and of 125I-labeled mAb PL1 to PSGL-1-expressed HL-60 cells (left-hatched
bar) and PSGL-1-coated beads (right-hatched bar), respectively. Data are pre-
sented as means 
 S.E. of the three-dimensional affinity. b, two-dimensional
binding of G1-coated RBC to sPs-coated RBCs (solid bar) and beads (open bar),
respectively, and of PL1-coated RBC to PSGL-1-expressed HL-60 (left-hatched
bar) and PSGL-1-coated beads (right-hatched bar), respectively, measured at
4-s contact time. Data are presented as mean 
 S.D. of y � �ln[1 �
Pa(t0)]/(mr � ml). p value indicates the level of statistical significance of the
differences in parameters for different carrier stiffness and microtopology.
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DISCUSSION

The goal of the present study was to quantify the effects of
different stiffness and microtopology of molecule-bearing car-
rier in terms of two-dimensional kinetics of receptor-ligand
binding. In addition, kinetic and affinity measurements in both
two-dimensional and three-dimensional binding were used to
elucidate the biophysical basis of such effects. Three types of
molecular carriers, including human RBCwith deformable and
relatively smooth surface, human HL-60 cell with less deform-
able and rough surface, and polystyrene bead with stiff and
smooth surface, were used to achieve five configurations in
adhesion frequency measurements (Fig. 2, a–e and a�–e�). The
four types of configurations (Fig. 2, a–c and e) were found to
reduce the two-dimensional forward rate but not the reverse rate
(Figs. 4–7). In addition, neither type of configurations seemed to
affect the three-dimensional binding affinity (Fig. 8a).

The two-dimensional adhesion assay requires the anchorage
of receptors or ligands onto a carrier (cell or substratum) sur-
face. Thus, surface presentation of a molecule affects the bind-
ing to its counterpart molecule. Two aspects of surface presen-
tation are the orientation and length of molecule of interest
above the carrier surface. For example, the binding of PSGL-1
was reduced remarkably by randomizing the orientation and/or
shortening the length of P-selectin (9). Another two aspects
are the stiffness and microtopology of the molecular carrier.
The binding of hIgG to CD16b constructs coated onto RBCs
were reduced �50-fold lower when CD16b constructs were
expressed onto CHO or K562 cells (10). Intact neutrophils
with extensible microvilli facilitate the tether formation and
rolling over P-selectin-immobilized substrate, whereas the
fixed neutrophils or PSGL-1-coated beads do not (11). Even
with the same orientation and length (cf. RBC-RBC, RBC-Bead,
and Bead-Bead configurations in Fig. 2), the binding of P-selec-
tin-PSGL-1 was significantly different (Fig. 5b). Alternatively,
the dissociation among the above three configurations was the
same (Fig. 5a).
Our data indicated that the carrier stiffness and microtopol-

ogy affected the forward rate but not the reverse rate in four
configurations (Fig. 2, a–c and e). Stiffening the carrier reduces
the accessibility of a receptor to a ligand on apposing surface,
because the ability for soft carrier to favor the accessibility is
restricted when two carriers are driven to contact. Roughing
the surface reduces the effective contact area Ac, which in turn
reduces the effective binding affinity AcKa

0 or forward rate Ackf0
because PSGL-1 molecules are evenly distributed onto the sur-
face of the HL-60 cell (9, 25). This reasoning suggests that P-se-
lectin or PSGL-1 presented onto the softer and smoother sur-
face is more effective to bind PSGL-1 or P-selectin on the
apposing surface, as was observed (Figs. 4–7). The dissociation
of the preformed receptor-ligand bond, however, is not affected
by the stiffness and microtopology, because the conformation
of the molecular complex is not changed with different carrier
stiffness and microtopology.
The isolation of such effects to the forward rate suggests a

commonbiophysicalmechanism. Thismechanismpredicts the
combined impact of carrier stiffness and surfacemicrotopology
on two-dimensional kinetics when molecules are anchored on

the carrier surface. Softening the carrier and smoothing the
surface enhance the binding, whereas stiffening the carrier and
roughing the surface reduce the adhesion. The combined out-
comedepends onwhich aspect plays themore important role in
regulating the binding. Regardless of the experimental difficul-
ties to further isolate both aspects, our results indicated that the
combined impact reduced two-dimensional affinity for P-selec-
tin or PSGL-1 anchored onto the stiff and rough surface.
These observed facts also suggest that different presentation

methods ofmolecules on three types of carrierswould affect the
accessibility but not the stability. Capturing the molecules via
non-blocking mAbs on RBCs results in an intermediate degree
of uniformity in orientation as the capturing mAbs themselves
were randomly coated on RBC via CrCl3 coupling. Coating the
molecules via biotin-streptavidin coupling on beads provides
similar uniformity as the biotinylated capturing mAbs bind
randomly to streptavidin-coated beads. PSGL-1 ligands are
constitutively expressed on the microvilli tips of HL-60 cells
with the uniform orientation. Our data indicated that soluble
G1 or PL1 mAb binds similarly to P-selectin or PSGL-1 pre-
sented in the above different ways (Fig. 8a), suggesting that the
effect of carrier stiffness and microtopology reported here would
not be influenced by the presenting methods used.
The lateral diffusion of interacting molecules on RBC mem-

brane might play a role in affecting the two-dimensional bind-
ing. This should be true when the molecules are constitutively
expressed on such a dynamic biological membrane and are free
to diffuse laterally into the contact zone. However, this is not
the case for RBC in the currentwork.Here P-selectin or PSGL-1
molecules coupled onto the RBC surface were hard to diffuse
freely because they were captured on the surface by capturing
mAbs (S12 or PL2), which were covalently linked by the
-COOH group on RBC membrane via CrCl3 (20). Such cou-
pling reduces remarkably the lateral diffusion of molecules of
interest and the recruitment ofmolecules into the contact zone,
which is comparable to the case for streptavidin beads where
biotinylated capturing mAbs (S12 or PL2) were linked by bio-
tin-streptavidin interactions on the bead surface. Another line
of reasoning is that the RBC held on a micropipette by suction
pressure has surface tension, and themolecules captured on the
RBC surface are more difficult to diffuse. In this sense, it is
reasonable to neglect the effect of lateral diffusion when the
molecules are covalently coupled onto the surface of RBC,
which is beyond the scope of the current work.
Finally, the present work provides not only quantitative

measurements of the effects of two aspects of molecule presen-
tation of adhesion, carrier stiffness, andmicrotopology, on their
two-dimensional binding affinity and kinetics, but also insights
into the biophysical basis of such effects.
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