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Abstract—A membrane immuno-chromatographic system that selectively separates plasma lipoproteins and gener-
ates a signal in proportion to the concentration of cholesterol (HDL-C) within high-density lipoprotein (HDL) was
investigated as a point-of-care device for the prognosis of coronary heart disease. The system consists of three func-
tional membrane strip pads connected in a sequence for: (from the bottom) immuno-separation based on biotin-
streptavidin reaction, catalytic conversion of cholesterol to hydrogen peroxide, and production of a signal. For immuno-
chromatography, a monoclonal antibody, specific to apolipoprotein B100 that is present on the surfaces of low-density
lipoproteins (LDL) and very low-density lipoproteins (VLDL), with a high binding constant (5% 10" L/mol) was raised
and chemically conjugated to streptavidin. The conjugate was first reacted with lipoprotein particles, and this mixture
was absorbed by the capillary action into the biotin pad of the system. After being transferred by medium, immuno-
capture of LDL and VLDL particles onto the biotin pad took place, and ## sizu generation of a signal in proportion to
HDL-C consecutively occurred. The capture was selective as well as effective (minimum 90% of LDL and VLDL in
clinical concentration ranges), and the detection limit of HDL-C was far lower than 20 mg/dL. To construct a user-
friendly device, we are currently investigating the automation of such processes of reactions and separation by adapting
a liquid flow-controlling technology that programs the times for the immune reaction and separation. My group further
pursues an interdisciplinary study to develop a micro system employing semiconductor-based technologies that will
eventually enable the handling of sub-micro liter volume of body fluid as a specimen.
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INTRODUCTION

A complete separation of a particular protein even on a micro
scale can be accomplished by utilizing antigen-antibody reactions
m a solid phase. Smee an antibody can recogmze only one sub-
stance (1.e., antigen) or few compounds having structures similar to
the antigen, immuno-separation employing a highly specific reac-
tion usually yields an ultra-pure product of the process. A compet-
ng techmology to such performance as to the 1solation of proten
has not yet emerged to date. My research group has concentrated
on the development of various diagnestic systems based on mm-
muno-separation utilizing a membrane strip as solid matrix for the
immobilization of antibodies. A typical example among the out-
comes 18 the development of a pomnt-of-care device quantifymg chol-
esterol (HDL-C) within plasma high-density lipoprotein (HDL) as
an indicator of the incidence of coronary heart disease (CHD).

Cholesterol 15 an essential material m the human body: for ex-
ample, a precursor of steroid hormone and a constituent of cell merm-
branes. The lipophulic substance 1s transported between peripheral
tissues and the liver by plasma hipoproteins [Gotto et al., 1986; JTohn-
son et al., 1991; Mackness and Durrington, 1992; Noble, 1995].
These have the structure of a spherical particle contaming esteri-
fied cholesterol and triglycenide within a surface layer consisting of
phospholipid, free cholesterol, and embedded protemns (apolipopro-
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tems). Three major classes of the lipoprotems, mainly classified ac-
cording to their densities, are very low-density lipoproteins (VL.DL),
low-density lipoprotems (LDL), and high-density lipoproteins (HDL)
[Bachorik and Albers, 1986; Bachorik and Ross, 1995; Nauck et
al., 1995; Rudel et al., 1974].

LDL 1 arelatively cholesterol-enriched product converted via the
lipolysis of VLLDL that is synthesized in the liver [Mackness and
Durningtorn, 1992], and transports cholesterol to tissues. HDL pro-
duced m the liver and small intestine [Tall, 1990] reversely trans-
ports cholesterol from tissues to the liver for elinmation [Gordon
and Rifkind, 1989; Johnson et al, 1991; Mackness and Durrngtor,
1992; Tall, 1990]. An increase of LDI, cholesterol (LDL-C) level
m blood may result m the deposition of cholesterol molecules n
the arterial wall, winch could eventually lead to CHD [Bachorik
and Ross, 1995; Rifai et al,, 1992]. On the other hand, the level of
HDL cholesterol (HDL-C) is inversely correlated with the incidence
of CHD [Gordon and Rifkind, 1989; Gordon et al., 1977, Johnson
etal., 1991; Tall, 1990]. It has been reported that decreased HDL-C
as well as increased LDL-C are independent factors causing CHD
[Schaefer, 1991, Warnick and Wood, 1995].

We have mnvestigated a novel analytical system that can be used
for a routine monitoring of CHD risk. The system can measure a
single-class plasma lipoprotein cholesterol, such as HDL-C and
LDL-C, by means of immuno-chromatography on membrane strip
and in situ signal generation. In this communication, the membrane
strip system using a lateral flow technology is reviewed, and an auto-
mation of the analytical processes and scale-down approach to bio-
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micro system are discussed.
MATERIALS AND METHODS

1. Materials

Human lipoproteins, apolipoproteins, enzymes, and streptavidin
(SA) were purchased from Calbiochem (La Jolla, CA). Cholesterol
calibrators, sodium cholate, 3,3-diammobenzidine (DAB), poly-
L-lysine hydrobromide (PLL), bovine serum albumin (BSA), and
chromatographic gels were obtained from Sigma Chemical Co. (St
Louis, MO). Sulfosuccinimidyl-6-(biotinamido) hexanoate (NHS-
LC-biotin), sulfosuccmumidy] 4-[N-malemmidomethyl]cyclohexane-
1-caboxylate (SMCC), dithnothrertol (DTT), and N-succinimidyl-3-
[2-pynidyldittul] propicnate (SPDP) were products of Pierce (Rock-
ford, TL.). Nitrocellulose (INC) membranes and cellulose membranes
were purchased from Millipore Corp. (Bedford, MA) and What-
man Ltd. (Smgapore), respectively. All other reagents used were of
analytical grades.
2. Monoclonal Antibody

Monoclonal antibody to apo B100 was produced from BATLB/c
mice by following a standard method [Kohler and Milstemr, 1975;
Pack et al., 1993]. Tests for screenng were performed by utilizing
human plasma lipoproteins (VLDL, LDL, or HDL) as descnbed
elsewhere [Paek et al., 1993]. Finally, the antibody was purified on
Protein G column [Hermanson et al., 1992].
3. Signal Generation

For the generation of a signal proportional to total cholesterol
level in a sample, an assay system was constructed by integrating
the followmg three membrane strip pads (see Fig. 1): sample appli-
cation pad (m place of antibody pad), enzyme pad, and signal pad
[Paek et al., 1999]. The pads prepared were partially supermposed
cn each other m an arrangement and mounted onto a polyester film
by usmg double-sided tape. Such devised strip systems were used
for assays of lipoprotein cholesterol and the signals generated after
10 min were measured by a method of scanming photometry [Paek
et al., 1999].
4. Immuno-Separation of Lipoproteins

To measure a smgle-plasma lipoprotem cholesterol, the strip sys-
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tem used for measuring total cholesterol was supplemented by in-
troducing the monoclonal antibody to apo B100 raised as described
above. An antibody pad was prepared by immobilizing the mono-
clonal antibody on an NC membrane via physical adsorption or
chemical linkage [Paek et al, 1999]. A biotin pad was also fabri-
cated by chemically reacting biotin-BSA corjugates to the NC merm-
brane. As another component, antibody-SA conjugates were syn-
thesized by reacting SMCC-modified antibody with SPDP-acti-
vated SA after treatment with DTT [Paek et al, 1999]. A mem-
brane strip system incorporated with either the antibody pad (refer
toFig. 1) or biotin pad (Fig. 7) was tested to select an effective meth-
od for mmuno-separation of lipoprotein particles as previously de-
scribed [Paek et al., 1999].

RESULTS AND DISCUSSION

1. Analytical Concept

A membrane immuno-chromatographic procedure may offer a
simultaneous operation of the two processes, 1.e., Immuno-separa-
tion of a single plasma lipoprotein and enzymatic conversion of
cholesterol within the lipoprotemn particles. An assay systemn that
can provide such performance consists of three major components
(Fig. 1, HDL-C used as analyte in the model system): 1) antibody
pad with en antibody, specific to apolipoprotein (apo) B100 that 1s
present on the surfaces of LDL and VLDL particles [Fisher and
Schumaker, 1986; Mackness and Durrington, 1992], immobilized
on the surfaces of NC membrane, 2) enzyme pad with reagents de-
composing lipoproteins and cholesterol, ie., a detergent, two en-
zymes, cholesterol esterase (CE) and cholesterol oxidase (CO), and
a cliromogenic substrate for horseradish peroxidase (HRP), unpre-
gnated m a cellulose membrane, and 3) signal pad with HRP im-
mobilized on a defined region of NC. To construct an analytical sys-
tem, the membrane pads are partially superimposed and then at-
tached to a backing support (refer to Fig. 1).

Matenal transfer mvoked by wicking through membrane pores
of the system serially connects different reaction processes taking
place on each functional pad without hendling reagents (Fig. 1). A
sample containing mixed plasma lipoproteins 1s absorbed from the
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Fig. 1. The analytical concept of an immuno-chromatographic assay system that measures the concentration of a single-class lipoprotein

cholesterol, exemplified by the measurement of HDL-C.
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bottom of the membrane stiip system (Fig. 1.1). The aqueous solu-
tion 1s transported upward by capillary action along the antibody
pad, and two lipoproteins, LDL and VLDL, bind to the immobi-
lized antibody while HDL is caried by medium nto the enzyme
pad (Fig. 1.2). The HDL particles are destroyed in the presence of
detergent, and cholesterol and cholesteryl ester are then released
(Fig. 1.3) to decompose and produce hydrogen peroxide by employ-
ing the following sequential enzyme reactions (Fig. 1.4) [Artiss et
al., 1991; Mackness and Durrington, 1992]:

Cholesterol esterase {CE)
Cholesteryl ester+H,O- - - - - - - - - - > Cholesterol+ Fatty acid
Cholesterol axidase (CO)
Cholesterol+Q,- - - - - - - - - ---- -~ > Cholesten-4-one+H,0,

Upon transfer mto the next pad hydrogen peroxide sequentially
reacts with enzyme HRP in the presence of chromogen as follows:

Horseradish peroxidase (HRP)
H,0,+Chromogen~ -~~~ -~~~ - 2 Oxidized chromogen+2H,0

Such a series of reactions produces a color from the oxidized chro-
mogen as a signal on the membrane surface (Fig. 1.5). The color
can be readily measured by converting it to optical density [Nils-
son et al., 1995; Sterling et al., 1992] m propottion to the concen-
tration of HDL-C. The analysis can be completed without adding
or removing reagents and also within a relatively short time (e.g.,
10 minutes).
2. Signal Generation

In order to facilitate the quantitative evaluaion of the immuno-
separation tha is the key process in the cholesterol analysis, we first
optimized a system for signal generation [Pack et al, 1993]. The
enzyme pad of the system was febricated by modifying previous
investigations for total cholesterol [Allen et al., 1990; Law et al.,
1997; Noble, 1933]. The enzyme pad contamed a detergent (e.g.,
sodium cholate and Triton X-100) for dismtegrating lipoprotein par-
ticles, two enzymes CE and CO for decomposing cholesterol, and a
chromogenic substrate (e.g., DAB) for HRP [Hsu and Soban, 1982;
Paek et al., 1999] located on the signal pad. The color signal con-
verted from DAB was further intensified by iniroducing two met-
als, cobalt and nickel [Johnson et al., 1991]. These components were
deposited within interstitial spaces of cellulose membrane (What-
man Qualitative #1) that were also used for enzyme reactions dur-
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Fig, 2. Dose-response curve from the membrane strip system to
standard concentrations of lipoprotein cholesterol.

ing assay. The relative concentrdion of CE to CO was determined
to obtain a broad dynamic range in the dose-response curve.

The signal generation system fabricated under optimal condi-
tions [Paek et al., 1993] was used to obtain a dose-response curve
to standard concentrations of lipoprotein cholesterol (Fig. 2). The
signal expressed i optical density varied in a range of 20 to 200
mg/dL cholesterol m proportion to the concentration. Since the color
ntensity at 20 mg/dL cholesterol was significantly higher than the
background, i.e., signal at zero dose, the detection limit of the sys-
tem was determmed to be far lower than the concentration. In most
clinical samples, the cholesterol levels of each plasma lipoprotein dis-
tnbute between 20 and 70 mg/dL for HDL-C and 100 and 200 mg/
dL for LDL-C [Mackness and Durrington, 1992; Schaefer, 1991].
Therefore, the enzyme pad system devised can be used to quantita
tively assess the risk factors of CHD.
3. Immuno-Separation of Lipoproteins
3-1. Apolipoprotems as Specific Markers

The concentration of cholesterol in a single-class of lipoprotem
(HDL in the model system) can be measured after separation of
the other lipoproteins by using antigen-antibody reactions in a solid
phase (see Fig. 1). As shown m Fig, 3, the plasma lipoproteins have
the shape of a spherical particle containing protem(s), i.e., apolipo-
protein (in abbreviation, apo), embedded on the phospholipid mem-
brane surface. Each lipoprotein holds different profiles of protem
(refer to the table in Fig. 3), which enables us to isolate a smgle spe-
cies provided antibodies specific to apolipoproteins present exclu-
sively on the other lipoprotem particles are used for the immobili-
zation. For mstance, if an antibody to apo B-100 contained in LDL
and VLDL was placed on the antibody pad as demongraed n Fig.
1, HDL can be separated for quantifyng its cholesterol concentra-
tion. Likewise, the utilization of antibodies to the other apolipopro-
teins such as apo A, C, and E permits the fractionation of LDL.
3-2. Inmune Reactions at Liquid-Solid Interface

In most immune reactions & liquid-solid mterface, the yield of
complex formation maimnly depends on the bmding constant of the
antibody and the accessibility of antigen to the immobilized anti-
body [Schramm and Paek, 1992). Based on prelimmary experimen-
tal results, we selected amonoclonal antibody, specific to apo B100,
with the highest binding constant of 5x10"° L/mol among the avail-
able. Under this condition, the accessibility of antigen may limit
the binding complex formation and, thus, we have concentrated on
the provision of a better accessibility of the lipoprotem particles to
the binding sites of the insolubilized immunoglobulins.

Amdipopmimra [ Ago)
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Fig. 3. The structure of plasma lipoprotens (left) and distribution
of apo (lipoproteins) on the partides in different classes of
lipoproteins.
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Fig, 4. Comparison of the effidendes of immumo-separation of LDL with an antibody immobilized on the membrane surfaces of the

antibody pad by using variable methods. See text for details.

The accessibility highly depends on the size of antigen and im-
mobilization method of antibody [Cantarero et al., 1980; Matson
and Little, 1988; Schramm and Pack, 1992]. The size of LDL and
VLDL particles, for example, is distributed in a range of 19 to 45
nm in diameter [Mackness and Durrington, 1992], which is typi-
cally 10 times larger (i.e., 1000 times larger in volume) than those
of other proteins. For a better complex formation at the interface,
different methods of immobilization were attempted for compari-
son (Fig. 4). A sample containing LDL was added to the analytical
system shown in Fig. 1, and the binding efficiency onto the anti-
body pad was determined by measuring the decrease of signal as
compared to the control obtamed m the absence of antibody (No
antibody, Fig. 4). If the antibody was immobilized by either physi-
cal adsorption (Phy. Ads.) or chemical bmding via polymer drands
of PLL onto the pad (Chemical), the degree of signal reduction was
nsignificant or not sufficient for the capture of a large quantity of
LDL (e.g., 100 mg/dL). In addition, although we have also mcreased
the surface density of immunoglobulins by adding a high concen-
tration of antibody or introducing a small pore size of membrane,
no profound mprovement in the capture efficiency was obtained
(data not shown).
3.Limiting Factors of the Accessibility

Immunoglobulin is a relatively uge Y-shape molecule (a mole-
cular weight of 15.5 kDa) with a dimension of approximately 24
nm-width and 10 nm-height (Fig, 5). In spite of the large size, the
antigen bindng site (ie., paratope) of the antibody is extremely small
entity consisting of only 3 to 5 ammo acids out of total 1,320 and
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Fig. 5. A schemaic presentation of the antibody molecule in a
dass of inmunoglobulin G.
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also localized at the end of each amm in the F,; region. These fea
tures unique to an antibody may create a distind aspect m its m-
mobilization on a solid matrix.

Upon addition to the solid support, the antibody molecule dur-
ing an mitial time period may weakly interact with the support and
provide a condition for a lateral diffusion of this molecule along
the surface. The diffusion process could continue until the mog ther-
modynamically stable state as to the interaction between the pro-
tein and the solid support reaches. The next molecule colliding with
the surface could undergo the identical procedure of mass transfer
and, i this circumstance, it may additionally interact with the immu-
noglobulin already immobilized. This results in the antibody mole-
cules present in proximiy to one another. A repetition of the same
process eventually credes a cluster or patch of protem molecules
on the solid surface.

The complex density of an antigen with the mmobilized anti-
body increases proportionally to the surface concentration of the
antibody, but it soon reaches a maximum limit depending prima-
rily on the antigen size (Fig. 6, left) [Cantarero et al, 1980; Sch-
ranm and Paek, 1992]. The maximal complex density is higher for
the smaller antigen (‘“I-B, MW 730) than for the larger antigen con-
jugated to an enzyme (P-HRP, MW 40,000). At these antibody con-
centrations, however, maximal packing of immunoglobulin on the
sutfaces has not been attained. If the antibody molecules are ran-
domly distributed on the surface, there should be sufficient space
for the large antigen to allow lateral access to the binding sites. These
experimental results support that, as mentioned above, the anti-
body molecules occupy the surface m clusters or patches. The sizes
of these patches increase when incubated with an mcreasing con-
centration of antibody although the number of bmding sites acces-
sible to the antigen is almost constant (Fig. 6, right). If the molecular
size is extremely large as for plasma lipoprotem particles, the maxi-
mum complex density attainable is relatively low and, therefore, a
complete immuno-separation of a single lipoprotein with an mmo-
bilized antibody may become difficult.

3. Inmune Reactions in a Liquid Phase

Since the yield of complex formation between the lipoprotein and
antibody at liquid-solid interface was low, a method for carymg
out the reactions i a liquid phase was investigated. To attain this
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Fig. 6. Binding complex formation of different antigens in the size with an immobilized antibody (left) and a schematic presentation
describing dissimilar accessibilities of small and large antigens to the antibody (right).
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Fig. 7. Immuno-separation of lipoprotein particles based on strep-
tavidin-biotin capture method.

goal, we designed a capture systemn utilizing streptavidin-biotin bind-
ing with the highest binding constant (order of 10* L/mol) among
known biological reactions [Weber et al,, 1989]. Biotin chemically
linked to BSA as carrier replaced immunoglobulin on the antibody
pad (now, converted to “biotin pad”) and streptavidin was conjugated
with the antibody (SA-Ab) specific to apo B100. After the coryu-
gate, SA-Ab, reacted with LDL to form an antigen-antibody com-
plex in a liqud phase, this mixhire was absorbed from the bottom
end of the biotin pad (Fig. 7). The streptavidin-biotm reaction took
place on the biotin pad, and an effective removal of the lipoprotein
was mdeed achieved (SA-Biotin in the right of Fig. 4).

Such effectiveness m the ehmmation of LDL particles is attri-
buted mainly to a free accessibility of the lipoprotem particles to the
antigen binding sites of antibody since the mmuno-reaction was
carried out n a liquad phase. The multiple binding sites present on
a streptavidin molecule, conjugated to an immunoglobulin, may
also mprove the probability of the capture on the biotin pad if com-
pared to a monovalent binding [Paek et al,, 1999]. This condition
would improve the reaction yield especially under non-equilibrium
conditions of immuno-chromatography described in this commu-

mication. The capture efficiency further mcreases by adapting a long,

flexible linkage between biotin molecules and BSA mn the comju-
gate.

The mmuno-separation of HDL by using streptavidin-biotin cap-
ture system was specific and efficient in clinical concentration ran-
ges of plasma lipoproteins [Paek et al., 1999]. Bindmg tests for each
lipoprotein revealed that apo B100-containing lipoproteins, LDL
and VI.DL, were bound on the biotin pad while HDL did not par-
ticipate m the binding reaction. However, the fractional capture of
lipoprotems, estimated by the reduction 1 the signal as demonstrated
m Fig. 4, decreased as the lipoprotein concentration increased. The
capture rate was equal to or higher than 90% for LDL-C between
100 and 200 mg/dl., and 92% for VLDL-C between 20 and 40 mg/
dL. The mnmuno-chromatographic procedure was simple and fast
compared to conventional methods [Mackness and Durrington,
1992; Skinner, 1992] and, therefore, can eventually be used for
pomt-of-care testing.

4. Dose Responses

The analytical system developed for HDL-C as described above
was assessed as to selectivity by utilizing samples of lipoprotem
mixtures as previously reported [Paek et al., 1999]. These mixtures
as standard samples contamed LDL end VLDL, adjusted to typical
climcal concentrations of cholesterol (150 mg/dL. LDL-C and 20
mg/dl. VLLDL), in the combination of HDL at different concentra-
tions (0 to 100 mg/dL). This setting allowed us to obtamn dose re-
sponses of the system to the analyte. Without using antibody to apo
B100, the system produced ugh signals as responses to variable
doses. In the proposed conditions with the antibody, the system did
not only reduce significantly the signals, but also showed a pattern
of dose response m proportion to the levels of HDL-C. Such dose-
response pattern was approximately identical to that obtamed with
samples n which HDL wes solely presertt. These results indicated
that the membrane strip system can be utilized to quantitatively de-
tect HDL-C provided a sensor, converting the cholesterol concen-
tration to a physically measurable signal, 1s mcorporated into the
analytical system.

5. Electrochemical Immunosensor

Hydrogen peroxide, a product from enzymatic reactions of chol-
esterol (refer to Fig. 1), is an electrochemically active substance that
can be decomposed to produce electrons upon application of a vol-
tage. These are then transferred into an electrode surface and induce
a current increase m proportion to the cholesterol concentration. To

Korean J. Chem. Eng.(Vol. 18, No. 2)
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realize such a quantitative method based on anperometry, we fabri-
cate carbon/silver electrodes directly screen-printed on NC mem-
brane as solid matrix, and replace the signal pad of the analytical
system with the new membrane (Fig, 8). The eledrodes are pat-
terned in a planar structure consisting of working, counter, and re-
ference electrodes. Electric contacts extending from the sensor part
are printed on a plastic film acting as an insulator against the medi-
um flow: The aqueous solution absorbed from the bottom of the
strip system will transfer hydrogen peroxide to the membrane with
electrodes and then directly flow into the absorption pad. As an al-
ternative approach, the colorimefric signal shown in Fig. 1 can also
be converted to optical density by using, for mstance, a scanning
photometry and charge-coupled device.

6.Bio-Micro System

The membrane strip system as diagnostic device requires, as in
most clinical tests, a sample of approxmmately 10 to 100 YL drawn
from a peripheral blood by pricking the skin. Such invasive san-
pling is not preferred and, thus, amethod alleviating pain is needed
to investigate in the near future. Although a significant reduction in
the volume of sample down to a nanoliter scale may satisfy the need
of non-invasive diagnosis, such extremely small volume cannot be
handled mn the membrane strip with amacro dimension. To aftain
the goal, we are devising a miniaturized system by employing a
micro-electro-mechanical system (MEMS) technology. This micro
system combmes with biological components and bioteactions that
are required for the measurement of a single—class plasma lipopro-
temn cholesterol, and also adopts an mtegrated circuit for the signal
amplification, analog-to-digital conversion, and registration.

In conclusion, we have developed an analytical concept that can
be utilized to construct a pomt-of-care device measuring a single-
class plasma lipoprotein cholesterol such as HDL-C and LDL-C.
The next step of this research for constructing a user-friendly de-
vice 1s the automation of two discrete processes for imnmuno-separa:
tion, Le., antigen-antibody reactions m a liquid phase and the sub-
sequent fractionation based on SA-biotin binding, such that users
merely add aspecimen to the device without handling reagents. This
can be accomplished by precisely programming the times for the
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reactions and separation via a control technology of liquid medium
flow. Furthermore, a non-mvasive micro system manipulating a na-
no liter-size sample as mentioned 1s being mvestigated m parallel
with the automation.
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