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Abstract
The quantitative analysis of surface antigens on cells, especially red blood cells (RBCs), has attracted
increasing attention due to the recognition of antigenic changes that can facilitate early diagnoses. This
paper presents an alternative methodology developed using the optical cell-detachment technique to
evaluate antibody-antigen interactions and quantitatively analyze the RBC surface antigen expression.
RBC subtyping was used to verify the proposed detection principle based on a comparison of the bonding
strengths between individual RBCs and antibody coatings. The bonding strengths were measured with
serial antibody dilutions with gradually decreasing laser powers, for which a single cell was optically
detached from the corresponding antibody-coated surface. With the quantitatively analysis, the proposed
alternative methodology was veri�ed as a highly sensitive technique for detecting antigen expression on
the RBC surface. 

Introduction
Numerous antigens are present on the cell surface, which are important molecular markers of cell
functions and lineages [1], and antigenic change in quantity is critical, especially for hematologic
development, immune response, and tumor progression [2-4]. For instance, the human leukocyte antigens
(or CD antigens) expressed on immune cells participate in or perform functions in the immune response
[5]. Many reports have shown that blood group antigen expression is correlated with tumor progression
[6-8]. Also, RBCs can be classi�ed into A, B, and O groups based on inherited differences in cell surface
antigens [9]. Conventionally, ABO types are recognized by agglutination test but this method is not
sensitive enough to reliably discriminate RBC subtypes. Rare blood type discrepancies occur when there
are few A and B antigens on the RBC surface [10], as they form small RBC aggregates in agglutination
assays that are di�cult to differentiate from the O type.

Flow cytometry and enzyme-linked immunosorbent assays (ELISA) have been developed for the
quantitative analysis of cell surface antigens. For instance, the �ow cytometric analysis results
performed by Cho et al. reveals that the transfect expressed 35.5% of the total B antigen produced on the
B101 allele transfect [11]. Chen et al. showed that the percentage of B antigen expression for the cells of
B3 is 40.92% of B1 [12]. However, these methods remain limitations due to the need for large clinical
samples and low sensitivity [13,14]. For example, �ow cytometry requires more than 5,000 to 10,000
copies of the target antigen on one cell to ensure quantitative analysis [13], whereas 50,000 cells per well
are needed for ELISA to obtain high optical density values and low background noise during detection
[15]. More recently, the focus is shifted to the individual cell analysis to minimize sample, enhance
sensitivity, and reducing analysis time. Subsequently, the optical tweezers and atomic force microscope
(AFM) have been widely employed to the single-molecule biophysics research [16-21]. Optical tweezers, in
contrast to AFM, are useful for single cell manipulation with precise force measurement [16]. The exerted
force of optical tweezers results from the laser interaction with dielectric micro-objects, with optical force
ranges in the pico-Newton to nano-Newton scales. In 1989, direct trapping of RBCs using optical tweezers
was reported in the pioneering works of Ashkin et al. [22]. Subsequently, optical tweezers are now being
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used in the investigation of an increasing number of biochemical and biophysical processes [23-32].
Moreover, many easy-to-use commercial products of optical tweezers have been promoted.

In this study, we extended our preliminary works [33-35] based on the bonding of speci�c antigen-
protein/antibody interactions and optical manipulations to develop an alternative methodology to
analyze antigen expression on the whole RBC. Antigen expression was quantitatively estimated using the
optical detachment technique to systematically measure serial bond strengths between a single RBC and
corresponding antibody-coated slides. Herein, the optical tweezers were employed as a biosensor to
measure the bonding strength of antibody-antigen interaction to analyze the expression of antigens on
the whole RBC surface.  

Materials And Methods
2.1 Preparation of RBCs and antibody coatings

Standardized RBCs were provided by Formosa Biomedical Technology Corp. (Taipei, Taiwan) and diluted
800 fold with PBS before the addition of 0.1 g/ml BSA to prevent the RBCs sticking together and block
non-speci�c interactions with antibodies or the slide. One drop (~0.01 ml) of the RBCs solution was
incubated on the antibody-coated slides for 20 minutes at room temperature just prior the measurement.
B3, the most common B subtype in the Asian population, was used as the subject of subtype
identi�cation [11].

The antibody-coated slides were prepared by protein adhesion on surfaces coated with poly-L-lysine
[36,37], an e�cient method to prepare antibody microarrays [38]. Cover slides (Paul Marienfeld GmbH &
Co. KG/Germany) were cleaned with acidic alcohol (1% HCl in 70% ethanol), rinsed thoroughly in ultra-
pure H2O, incubated at room temperature in a 1:10 poly-L-lysine solution (Sigma-Aldrich #P8920) for 5
minutes, then dried in a 60°C oven for 1 hour. Solutions of anti-A and anti-B monoclonal antibodies (1
mg/mL) were provided by Thermo Fisher Scienti�c Inc. (Waltham, USA) and diluted with PBS solutions
(Sigma-Aldrich #P4417). Poly-L-lysine coated slides were incubated in antibody solutions at room
temperature for 1 hour, then for 5 minutes in 0.05 g/ml BSA solution to block non-speci�city and stored at
4°C.

2.2 Optical tweezers for RBC manipulation

The schematic of the optical tweezers system based on an inverted microscope platform (Olympus IX51)
is shown in Fig 1. A continuous-wave Nd-YAG laser (Onset Electro-Optics, model # ISF064-1000P) at
λ=1064 nm focalized by a high NA (1.3) microscope objective/oil (UPLFLN100XO2, Olympus) provides
the trapping beam with minimum and maximum available powers of 4 mW and 250 mW, respectively.
Herein, the laser powers were measured at the microscope objective. During measurements, the RBCs
solutions are con�ned to an isolated sample chamber comprising two cover slides (170 μm thickness),
and a double-faced tape (120 μm thickness) to eliminate �ow disturbance. The chamber can be moved
with an XYZ-axis nanopositioner (Physics Instrument, NanoCube®P611), while the laser is focused at a
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�xed position in the chamber. The optical dragging speed is kept low (5 μm/sec) for the static test during
measurement, so the solution viscous effect can be ignored. 

The basic principle of optical tweezers to produce optical forces for manipulating micron-sized dielectric
objects have been described previously [39-42]. A laser beam is focused by a high numerical aperture
(NA) of the microscope objective to a spot (0.5-1.0 μm) in the micro-object, generating an optical trap to
grasp micro-objects. For a suspended microsphere, the optical force exerted at the center mainly depends
on the sphere size, the indices of medium and object, the NA of the microscope objective, and the laser
power. In the cell-detachment experiment, the optical trapping spot is exerted at the edge of the attached
RBC during detaching, with the size of the spot being very small compared to the RBC (about 6-8 μm). It is
assumed that the optical tweezers exerts a consistent volume, meaning the geometry differences in RBCs
can be ignored. Besides, the indices of the RBC and the prepared medium and NA are consistent, so the
force is linearly proportional to the laser power and the applied power (P) can be used to evaluate the
bonding strength (F) between the RBC and antibody-coated surface, i.e. .

2.3 Optical RBC-detachment

First, the experiments of negative controls were performed, i.e. the cases of non-speci�c antibody-antigen
interactions, such as O type RBCs or A-type RBCs on the anti-B coating, and O type RBCs or B-type RBCs
on the anti-A coating, as shown in Fig 2. When the optical tweezers focuses on the RBC on the surface, it
is vertically aligned by the torque force exerted on its disk-like geometry (Fig. 2b). The suspended RBC
can be freely dragged by the optical tweezers in solution (Fig. 2c) even at very low power (i.e. 4 mW). Fig.
2d shows the RBC manipulation �lms. When the RBC antigens interact with antibodies coated on the
slide, the RBC attaches to the surface (Fig. 3a). For example, Fig. 3b represents an A-type RBC attached to
the anti-A-coated (non-dilution) surface, then stretched by the optical tweezers but not detached from the
slide surface even at the maximum available power (250 mW). The RBC is deformed during pulling by
optical tweezers. The basic speci�c interactions of antibody-antigen were veri�ed by optical detaching
with the maximum power 250 mW of blood types A, B, and O on cover slides coated with the associated
anti-A and anti-B antibodies (Table 1). Each detaching test was performed on at least 5 cells 10 times,
that is, 50 continuous trials and the results veri�ed the basic speci�c and non-speci�c binding of the RBC
to the corresponding antibody-coated slide.

 

Table 1. The basic speci�c interactions of antibody-antigen using optical tweezers (250 mW)
RBC types Anti-A surface Anti-B surface

A
B

O

  : RBC attached; : RBC detached
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2.4 Antibody dilution method

The strength of the RBC antigen interaction with the coated surface is proportional to the antigen-
antibody associations, which depend on the antibody concentration on the functional slide surface, as
well as the antigen concentration on the RBC surface. The antibody dilution method was used to quantify
the RBC-antibody a�nity. Serial slides coated with decreasing antibody concentrations were prepared
and stored at 4°C before the detaching tests. The dilution fold increases by an exponent of 2, but will be
adjusted according to the test requests. For example, the dilution fold increases by 512 after 2048, such
as 2560, 3072, 3584…etc. The RBC-antibody a�nity was quanti�ed by the highest dilution at which the
RBCs could not be detached by the optical tweezers from the antibody coating. The steps are clari�ed in
Fig. 4).

Results And Discussion

3.1 Agglutination tests with the dilution method

The agglutination test with the dilution method was performed for comparing to the cell-

detachment method illustrated later. The antibody solutions and the blood samples (B, and

B3) were prepared as described previously and the blood samples were dropped into the

corresponding antibody solutions. The dilution of antibody solution was gradually increased

until the non-agglutinative phenomenon was observed and the results are shown in Table 2. 
  

Table 2. Serial antibody dilutions using the agglutination method

Fold dilution of associated antibodies B-type RBC in
anti-B solution

B3-type RBC in
anti-B solution

1
2

4

6

8

16

32

64

128

256

512

: agglutinative; : non-agglutinative
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3.2 Optically detachment tests with the dilution method

Serial dilutions of antibodies were used to evaluate the bonding strengths, as the bonding strength depends on the antibody

concentration (Table 3). The results indicated that the interaction of the anti-B antibody with B-type RBC can still be quanti�ed when

the antibody is diluted 4096-fold. The sensitivity was 16-times higher than the agglutination method (256 dilution fold in Table 1).

The maximum dilution for B3-type (2048) shows an apparent difference with B-type (4096), verifying precise blood subtyping

without ambiguity.

 

Table 3. Serial antibody dilution for optical detaching tests using maximum laser power (250 mW) c

Fold dilution of associated antibodies B-type RBC on
anti-B surface

B3-type RBC on anti-B surface

1
2

4

8

16

32

64

128

256

512

1024

2048

2560

3072

3584

4096

5120

  : RBC attaches; : RBC detached

 

Subsequently, the bonding veri�cations were performed using laser powers gradually decreased by 5

mW for further dilutions until the RBCs could be easily detached by the optical tweezers using the lowest

available laser power (4 mW). The results listed in Table 4 indicate that the interaction of the B-type RBCs

vs anti-B can be examined at a 7168-fold dilution of the antibodies; the B3-type RBCs were examined

using a 2560-fold dilution. The more apparently distinction has been concluded. In addition, the dilution

for B3-type was 20-times higher than the agglutination method (128) indicating a much more precise

determination of subtyping. The results for B and B3 types in Table 2-4 are summarized in Fig. 5 to
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illustrate the dilution fold differences, showing that there is a much greater apparent variation with the

detaching method than the agglutination method, meaning that there is less risk of misidentifying B3 as

O type.

 

Table 4. Optical detaching tests with serial antibody dilutions and the associated laser powers d

B-type RBC on anti-B surface B3-type RBC on anti-B surface

Fold dilution of antibody Power (mW) Interaction Fold dilution of antibody Power (mW) Interaction

5120 145 2560 5

6144 10 3072 4

7168 5      

8192 4      

    : RBC attached; : RBC detached

 

3.3 Quantitative analysis

First, the B-type RBCs data in Table 4 was quantitatively analyzed and illustrated in Fig. 6, showing

that the antibody dilution (D) is inversely proportional to the laser power (P). The R-squares is 0.98,

validating the experiment results. For con�rming the reliability, we performed the extra experiment with

identical procedures (dilution folds: 1 to 8194) for A-type RBCs, and gained the exactly same results with

B-type case. 

For evaluating the antigen expression on the RBCs, the maximum dilution of antibody in B-type tests

is 2.8 times (7168/2560) the B3-type was found, meaning that the antigen expression on the B3-type RBC

is 35.7% (1/2.8) of the B-type RBC. The result is consistent with the literatures [11,12] using similar RBC

types. Thus, the quantitative analysis veri�ed that the proposed methodology can precisely measure the

bonding strength between the RBC and antibody-coated surface, as well as to detect the surface antigen

expression on the RBC.

Conclusion
An alternative methodology was developed using the optical cell-detachment technique to detect the
surface antigen expression on RBCs. The RBC subtyping demonstration has veri�ed the proposed
detection principle. The detection sensitivity was 20-times higher than the agglutination method for
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determining B3-type RBC. A relatively small blood sample is required to detect RBC surface antigen
expression with extremely high sensitivity, and also the subtype RBC can be distinguished without
ambiguity. This study provides an alternative approach to analyze whole-cell-based antibody-antigen
interactions. We believe the simple and intuitive methodology could be widely applicable and capable of
automatic detection with broad potential in routine procedures.
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Figures

Figure 1

Optical tweezers experimental setup: a schematic �gure of optical tweezers and the detail (not in scale)
of the sample chamber.
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Figure 2

Schematic illustration (not in scale) of an RBC trapped by optical tweezers on a non-speci�c antibody-
antigen interaction surface: (a) RBC on the surface before the optical tweezers is turned on; (b) RBC
stands up after the optical tweezers is turned on; (c) the suspended RBC is dragged by the optical
tweezers; (d) the manipulation �lms (Visualization 1): the cross is the position of the optical tweezers
trapping spot; the arrow presents the dragging direction of the optical tweezers.

Figure 3

(a) Schematic illustration (not in scale) detailing RBC attachment to the antibody-coated surface. (b) RBC
is stretched by optical tweezers but still attached to the anti-A-coated surface (Visualization 2).
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Figure 4

Steps of optical cell-detachment (not in scale): (a) prepare the antibody-coated slides using serial
dilutions, then storage at 4°C; (b) one drop blood sample incubated on the selected antibody-coated slide;
(c) package the sample specimen, then place on the optical tweezers stage; (d) identify an attached RBC,
and then try to horizontally detach the RBC using the optical tweezers at a moving speed of 5 μm/sec,
and repeat 10 times with at least 5 RBCs

Figure 5

Comparison of the maximum fold dilution according to the different detection methods for RBC
subtyping
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Figure 6

The relationship between fold dilution and 1/laser power


