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Abstract-A membrane immuno-chromatogmphic system that selectively separates plasma lipoproteins and gener- 
ates a signal in propoltion to tile concentration of  cholesterol (HDL-C) within high-density lipoprotein (HDL) was 
investigated as a point-of-cm-e device for tile progIlosis of coronary heart disease. Tile system consists of ttu'ee func- 
tional membrane strip pads connected in a sequence for: (fi'om tile bottom) ilnnmno-separation based on biotin- 
streptavidin reaction, catalytic conversion of cholesterol to hydrogen peroxide, and production of a signal. For immuno- 
ctu'omatography, a monodonal antibody, specific to apolipopi~atein B 100 that is present on tile surfaces of low-density 
lipoproteins (LDL) mid vel T low-density lipoproteins (VLDL), with a high binding constant (5 • 10 ~~ L/tool) was raised 
and chemically conjugated to streptavidm. The conjugate was first reacted with lipoprotein particles, mid this iuix0are 
was absorbed by the capillary action into the biotin pad of the system. After being transferred by medium, ilm-nuno- 
capture of LDL and VLDL palticles onto tile biotin pad took place, alld in situ genelation of a signal in proportion to 
HDL-C consecutively occurred. The capture was selective as well as effective (miuimunl 90% of LDL and VLDL in 
clinical concentration images), mid the detection limit of HDL-C was far lower than 20 mg/dL. To construct a user- 
friendly device, we are currently investigating tile autonlation of such processes of reactions and separation by adapting 
a liquid flow-controlling technology that programs tile times for the immune reaction mid sepm-ation. 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 oi1 a nficro 
scale can be aocomplished by utilizing antigen-at~tibody reactions 
in a solid phase. Since an antibody can recognize only one sub- 
stance (i.e., antigen) oi- few compounds having structures similar to 
the antigen, inmmno-sepamtion employing a highly specific reac- 
tion usually yields an ultra-pure product of tile process. A compet- 
ing technology to such performance as to the isolation of protein 
has not yet emerged to date. My research group has concentrated 
on the develoImmnt of various diagnostic systems based on im- 
muno-sepaI'ation utilizing a membrane strip as solid matrLx for the 
immobilization of antibodies. A typical example among tile out- 
conies is the development of a point-of-care device quantifying chol- 
esterol (IN)L-C) within plasma high-density lipoprotein (HDL) as 
an indicator of the incidence of coronary heart disease (CI-D). 

Cholesterol is an essential material in the human body: for ex- 
ample, a precursor of steroid homlone and a constituent of cell mem- 
branes. The lipophilic substance is transported between peripheral 
tissues and the liver by plasma lipoproteins [Gotto et al., 1986; John- 
son et al., 1991; Mackness and Dtarington, 1992; Noble, 1995]. 
These have the SllUc~re of a spherical particle containing esteri- 
fled cholesterol and ~-iglyceride within a surface layer consisting of 
phospholipid, flee cholesterol, and embedded proteins (apolipopro- 
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teins). Three major classes of the lipoproteins, mainly classified ac- 
cording to their densities, are very low-density lipopmteins (VLDL), 
low-density lipoproteius (LDL), and high-density lilxlX-otems (HDL) 
[Badaorik mad Albei,s, 1986; Bachorik and Ross, 1995; Nauck et 
al., 1995; Rudel et al., 1974]. 

LDL is a relatively cholesterol-enriched product converted via tile 
lipolysis of VLDL that is synthesized ha the liver [Mackness mad 
Dtrfillgton, 1992], and transports cholesterol to tissues. HDL pro- 
duced in the liver and small inteslme [Tall, 1990] reversely trans- 
ports cholesterol fi-om tissues to tile liver for elimination [Gordon 
and Rilkind, 1989; Johnson et al., 1991 ; Machless mid Dlrcington, 
1992; Tall, 1990]. An increase of LDL cholesterol (LDL-C) level 
in blood may result in the deposition of cholesterol molecules in 
the arterial wall, which could eventually lead to CHD [Bachceik 
and Ross, 1995; Rifai et al., 1992]. On the other hand, the level of 
I-DL cholesterol (}DL-C) is inversely correlated with the incidence 
of CKD [Gordon and Rit!dnc~ 1989; Gordon et al., 1977; Iotmson 
et al., 1991; Tall, 1990]. It has been reported that decreased I-DL-C 
as well as increased LDL-C are independent factors causing CHD 
[Schaefer, 1991 ; Wamick and Wood, 1995]. 

We have investigated a novel analytical system that can be used 
for a routine monitolmg of CHD risk. The system can measure a 
single-class plasma lipoprotein cholesterol, such as HDL-C and 
LDL-C, by means of immtmo-chromatogmphy on membrane strip 
and m s//u signal generation. In this commu~lication, the membrane 
slrip system using a lateral flow technology is reviewed, and an auto- 
marion 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, apolipoproteius, enzymes, and streptavidm 

(SA) were purchased frcrn Calbiochem (La Jolla, CA). Cholesterol 
calibratoi~, sodium cholate, 3,3'-diaminobenzidine (DAB), poly- 
L-lysine hydi'oh'omide (PLL), bovine serum albumin (BSA), and 
chromatographic gels were obtained from Sigma Chemical Co. (St 
Louis, MO). Sulfosuccinhmdyl-6-(biotff~nido) hexanoate (NHS- 
LC-biotin), sulfosuccitmnidyl 4-[N-nmleimidomethyl]cyclohexane- 
1-caboxylate (SMCC), dithiott~'eitol (DTT), and N-succitmnidyl-3- 
[2-pyfidyldithil] propionate (SPDP) were products of Pierce (Rock- 
ford, IL). Nitrocellulose (NC) membranes and cellulose membranes 
were purchased from Millipore Corp. (Bedford, MA) and Vvtlat- 
man Ltd. (Singapore), respectively All other reagei~ used were of 
analytical grades. 
2. Monoclonal Antibody 

Monoclc~lal antibody to apo B100 was produced fiom BALB/c 
mice by following a standard method [Kohler and Milstein, 1975; 
Paek et al., 1993]. Tests for screening were peffommd by utilizing 
human plasma lipoproteins (VLDL, LDL, or HDL) as described 
elsewhere [Paek et al., 1993]. Finally, the antibody was purified on 
Protein G colmml [Hmmanson et al., 1992]. 
3. Signal Generation 

For the generation of a signal proportional to total cholesterol 
level in a sample, an assay system was constmcted by mtega-atk~g 
the following three membrane strip pads (see Fig. 1): sample appli- 
cation pad (in place of antibody pad), enzyme pad, and signal pad 
[Paek et al., 1999]. The pads pret~-ed were partially supeidmposed 
on each other in an arrargement and motalted onto a polyester film 
by using donble-sided tape. Such devised strip systems were used 
for assays of lipoprotein cholesterol and the signals generated after 
10 rain were measured by a method of scanning photonmtry [Paek 
et al., 1999]. 
4. Immuno-Separation of Lipoproteins 

To measure a single-plasma lipoprotein cholesterol, the strip sys- 

tem used for measuring total &olesterol was supplemented by in- 
troducing the monoclonal antibody to apo B100 raised as described 
above. An an t ib@ pad was prel:ared 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 che~mcally reacting biotin-B SA conjugates to the NC mem- 
brane. As mother component, antibody-SA conjugates were syn- 
thesized by reacting SMCC-modified antibody with SPDP-acti- 
rated SA after trealment with DTT pPaek et al., 1999]. A mem- 
brane strip system incorporated with either the antibody pad (refer 
to Fig. 1 ) or biotin pad (Fig. 7) was tested to select an effective meth- 
od for hmnuno-sepaz~ation of lipoprotein particles as previously de- 
scribed [Paeket al., 1999]. 

RESULTS AND DISCUSSION 

1. Analytical Concept 
A membrane itmnuno-chrcxnatographic proce&tre may offer a 

simultaneous opelation of the two processes, i.e., immuno-separa- 
tion of a single plasma lipoprotein and enzymatic conversion of 
cholesterol within the lipoprotein particles. An assay system that 
can provide such perfcxmance consists of three major components 
(Fig. 1 ; HDL-C used as arlalyte in the model system): 1 ) at*dbody 
pad with an antibody, specific to apolipoprotein (apo) B100 that is 
present on the surfaces of LDL and VLDL particles [Fisher and 
Schumaker, 1986; Macl<ness mad Durrington, 1992], immobilized 
on the surfaces ofNC membmzle, 2) enzyme pad with reagents de- 
composing lipoproteins and cholesterol, i.e., a detergent, two en- 
zymes, cholesterol esterase (CE) and cholesterol oxidase (CO), and 
a chromogenic substrate for horseradish peroxidase (H:RP), impre- 
gnated ha a cellulose membrane, mad 3) signal pad with HRP im- 
mobilized on a delhled region of NC. To consbuct an analytical sys- 
tem, the membrane pads are partially superimposed and then at- 
tachedto a backing support (refer to Fig. 1). 

Material transfer invoked by wicking through membrane pores 
of the syste~n serially connects different reaction processes taking 
place on each functional pad without handling reagents (Fig. 1). A 
sample containing mixed plasma lipoprotems is absorbed fionl the 

Fig. 1. The analytical concept of an immuno-du~matographic 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 menlbrane strip system (Fig. 1.1). Tile aqueous solu- 
tion is transported upwaJ  by capillary action along file antibody 
pad, and two lipoproteins, LDL and VLDL, bind to file immobi- 
lized antibody while HDL is can-led by medium into the amyme 
pad (Fig. 1.2). The HDL pmticles are demwed in the presence of 
detergent, and cholesterol and cholesteryl ester are then released 
(Fig. 1.3) to decompose and produce hydrogen l~'oxide by employ- 
hag file following sequential enzyme reactions (Fig. 1.4) [Artiss et 
al., 1991; Mackaless and Dmrington, 1992]: 

Cho~es-teroi esteraze (CE) 
Cholesteryl r . . . . . . . . . .  -> Cholesterol+Fatty acid 

Cholesterd ~dase (CO) 
Cholesterol+ O2 . . . . . . . . . . . . . . .  -> Cholesten-4-onr 

Upon transfer into the next pad, hydrogen peroxide sequentially 
reacts with enzyme HP,_P in the presence ofchromogen as follows: 

Horseradish p eroxgdase ( HRP) 
H202+ C~omogcn . . . . . . . . . .  -> Oxidized dlromogen+2H20 

Such a series of reactions produces a color from file oxidized chro- 
mogen as a signal on the membrane mrface (Fig. 1.5). The color 
can be readily meast~ed by converting it to optical density ['Nils- 
son et al., 1995; Sterling et al., 1992] in proportion to the concen- 
nation 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 file quantitative evaluation of the immuno- 
separation that is file key process in file cholesta'ol analysis, we first 
optimized a system for signal generation [Pack et al, 1993]. The 
enzyme pad of the system was fabricated by modifying previous 
investigations for total cholesterol [Allen et al., 1990; Law et al., 
1997; Noble, 1933]. The enzyme pad contained a detergent (e.g., 
sodiunl cholate and Triton X-100) for dishteglating lipoprotein par- 
tides, two ~zymes CE and CO for deconlposing cholesterol, and a 
chrcmogenic subm'ate (e.g., DAB)for HRP ['Hsu and Soban, 1982; 
Pack et al., 1999] located on the sNlal pad. Tile color signal con- 
verted fiorn DAB was fiuther intensified by inlroduchg 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 enzynle reactions dur- 

ing assw. Tile relative concentration of CE to CO was determined 
to obtain a broad dynamic range in the dose-response curve. 

The signal generation system fahicated under optimal condi- 
tions [Paeket al., 1993] was used to obtain a dose-response curve 
to standalxi concentrations of lipoprotein cholesterol (Fig. 2). The 
signal expressed in optical density varied in a range of 20 to 200 
mg/dL cholesterol in propotficn to file concentration. Since file color 
intensity at 20 mg/dL cholesterol was significantly higher than the 
background, i.e., signal at zero dose, file detection limit of the sys- 
tan was detexmhedto be far lower than file ccncenlrmion. In most 
ditfical samples, the cholesterol levels of each plasana litxpretein dis- 
tribute between 20 and 70 mg/dL for t-IDL-C and 100 and 200 rag/ 
dL for LDL-C [Mackness and Dui~lgtctl, 1992; Schaefer, 1991]. 
Therefore, file enzyme pad system devised can be used to quantita- 
tively assess the risk factors of  CHD. 
3. Immuno-SeparatJon of Lipoproteins 
3-1. Apolipoproteins as Specific Markers 

The cctlcenla~ion of cholesterol in a single-class of  lipoprotein 
(HDL in the model system) can be measmvd after separation of 
the other lipoproteins by using antigen-antibody reactions in a solid 
phase (see Fig. 1). As shown h Fig. 3, the plamla lipoproteins have 
the shape of a spherical parfide contahfing protein(s), i.e., apolipo- 
protein (in abbreviation, apo), embedded on the phospholipid mem- 
brane surface. Each lipoprotein holds different profiles of protein 
(refer to the table h Fig. 3), which enables us to isolate a single spe- 
cies provided ant~odies specific to apolipoproteins present exclu- 
sively on the other lipoprotein particles are used for file inmlobifi- 
zation. For instance, if an antibody to apo B-100 contained in LDL 
and VLDL was placed on the antibody pad as demonm'ated in Fig. 
1, HDL can be separated for quantifying its cholesterol concentra- 
tion. L~ewise, the utilization of ant~odies to the other apolipopro- 
teins such as apo A, C, and E pemlits the fi'actionation of  LDL. 
3-2. Inmmne Reactions at Liquid-Solid Interface 

In most immune reactions at liquid-solid interface, the yield of 
conlplex fomlation mainly depends on the binding constant of the 
antibody and file accessibility of antigen to the immobilized anti- 
body [Schmnm and Paek, 1992]. Based on preliminary expaimen- 
tal results, we selected amonoclonal antibody, specific to apo B100, 
with the highest binding constant of 5 xl01~ L/tool among file avail- 
able. Under this condition, the accessibility of antigen may limit 
the binding conlplex formation and, thus, we have concentrated on 
the provision of a better accessibility of the lipoprotein particles to 
the binding sites of the iusolubilized imnmnoglobulins. 

Fig. 2. Dog-response on've front the membrane sWtp system to 
standard concentrations of lipoproteta cholesterol. 

Fig, 3. The s~lOnre of plasma lipoproteins (lift) and distribution 
of apo 0ipoproteins) on the parddes in different classes of 
lipoproteaas. 
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Fig. 4. Comparison of the eAlidendes of hnnnmo-sepm-ation of LDL with an antibody tamtobilized on the membrane smTaces of the 
antibody pad by ushtgvariable 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; Sctw-~nm and Paek, 1992]. The size of LDL and 
VLDL p~'ticles, for example, is distffouted in a range of 19 to 45 
mn in diameter [Mackness and Dmrington, 1992], which is typi- 
cally 10 times larger (i.e., 1000 times kruger in vohune) than those 
of other proteins. For a better complex formation at the intffface, 
different methods of immobilization were attempted for comps-i- 
son (Fig. 4). A sample containing LDL was added to the analytical 
system sho~m in Fig. 1, and the binding efficiency onto the anti- 
body pad was determined by measuring the decrease of signal as 
conlpared to the control obtained in the absence of antibody (No 
antibody, Fig. 4). l_t'the antibody was immobilized by either physi- 
cal adsorption (Phy. Ads.) or chemical binding viapolymer strands 
of PLL onto the pad (Chemical), the degree of signal reduction was 
insignificant or not attticient for the capture of  a large quantity of  
LDL (e.g., 100 mg/dL) In addition, although we have also increased 
the surface density ofimmunoglobulins by adding a high conceal- 
tmtion of antibody or introducing a small pore size of membrane, 
no profound improvement in the capture efficiency was obtained 
(data not shown). 
3. Lindting Factors o f  the Accessibility 

Immunoglobulin is arelatively huge Y-shspe molecule (amole- 
cular weight of 15.5 k.Da) with a dimension of approximately 24 
mn-wk~h end 10 ran-height (Fig. 5). In spite of the large size, the 
antigen bmdhg site (i,e., pa'atope) of the antibody is exlremely small 
entity consisting of only 3 to 5 amino acids out of total 1,320 and 

Fig. 5. A sohematic presentation of the antibody moletafle in a 
class of tmmunoglobulin G. 

also localized at the end of each ann in the F~ region. These fea- 
tures unique to an antibody mw create a distinct aspect in its im- 
mobilization on a solid matrix. 

Upon addition to the solid support, the antibody molecule dur- 
ing an initial time period may weakly inexact with the suppoa and 
provide a condition for a lateral diffusion of  this molecule along 
the mfface. The diffusion process could continue ur~il the most ther- 
modyn~nically 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 timsfer 
rod, in this circunlstance, it may additionally interact with the inmm- 
noglobulin already immobilized. This results in the antibody mole- 
cules present in l~Oximity to one another. A repetition of the same 
process eventually creaes a cluster or patch of protein molecules 
on the solid surface. 

The complex density of an antigen with the immobilized anti- 
body increases proportionally to the sarface concenlration of the 
antibody, but it soon reaches a maximum limit depending prima- 
rily on the mltigen size (Fig. 6, left) [Cantare, o e t  at, 1980; Sch- 
mnm and Paek, 1992]. The maximal complex density is higher for 
the smaller antigen (l~_p, MW 730) than for the l~ger antigen con- 
jugated to an enzyme (P-HRP, MW 40,000). At these antibody cou- 
cenlrations, however, maximal packing of immunoglobulin on the 
surfaces has not been ~tained. If  the antibody molecules are ml-  
donlly dislributed on the surface, thea~e should be sufficient space 
for the large antigen to allow kaetN access to the binding sites. These 
experhnental results support that, as mentioned above, the anti- 
body molecules occupy the surface in clusters or patches. The sizes 
of these patches increase when incubated with an increasing con- 
cenlration of antibody although the number of binding sites acces- 
sible to the antigen is almost constam (Fig. 6, right). I f  the molecular 
size is extremely lwge as for plamlalipoprotein particles, the maxi- 
mum complex density attainable is relatively low and, therefore, a 
complete inmluno-separation of a single lipoprotein with an immo- 
bilized ant~ody may become difficult. 
3. I m m u n e  Reactions in a Liquid Phase 

Since the yield of  complex foml~on between the lipoprotein and 
antibody at liquid-solid interface was low, a method for c~rying 
out the reactions h a liquid phase was inve~tig~ed. 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 accessibflities of small and large antigens to the antibody (right). 

Fig. 7. hnmuno-separation of lipopl~tein particles based on stt~p- 
tavidin-biotin capture method. 

goal, we designed a capture syste,n utilizing streptavidinbiodn bind- 
ing with the nighest binding constant (order of 101~ L/mol) among 
known biological reactions pvVeber et al., 1989]. Bio~l chenlically 
linked to BSA as carrier replaced immunoglobulin on the andbody 
pad (now, converted to 'biotin pad') mad streptavidin was conjugated 
with the antibody (SA-Ab) specific to apo B100. ARer the conju- 
gate, SA-Ab, reacted with LDL to form an antigen-antibody com- 
plex in a liquid phase, this mixtut-e was absorbed from the bottom 
end of the biolm pad (Fig. 7). The streptavidin-biotin reaction took 
place on the biotin pad, and an effective removal of the lipoprotein 
was indeed achieved (SA-Biotin in the right of Fig. 4). 

Such effectiveness in the elimination of LDL particles is attri- 
buted mainly to a flee accessibility of the lipoprotein particles to the 
antigen binding sites of antibody since the immuno-reaction was 
carried out in a liquid phase. The multiple binding sites present on 
a slreptavidin molecule, conjugated to an immunoglobulm, may 
also improve the probability of the cap, re  onthe biotin pad if com- 
pared to a monovalent binding [Paek et al., 1999]. This condition 
would improve the reaction yield espedaUy under non-equilibrium 
conditions of immuno-chromatography described in this commu- 
iticatioi~ The capture etficiency fi~ther inca'eases by adapting a long, 

flexible linkage between biotin molecules and BSA in the conju- 
gate. 

The mmltmo-sepat~ation of HDL by using streptavidin-biotin cap- 
ture system was specific and etficient in clinical conce~l~a-ation ran- 
ges of plasma lipoproteins [Paek et al., 1999]. Binditg tests for each 
lipolz~-otein revealed that apo B100-contaming lipoproteins, LDL 
and VLDL, were bound on the biotin pad wNle HDL did not par- 
ticipate in the bindkg reactioi1 However, the fractional capture of 
lipoproteins, eslknated by the reduction in the signal as demonstrated 
in Fig. 4, decreased as the lipoprotein concentration increased. The 
capVoa-e rate was equal to or nigher than 90% for LDL-C between 
100 and 200 mg/dL, and 92% for VLDL-C between 20 and 40 mg/ 
dL. The immtmo-cni-c~natogmphic procedure was simple and fast 
compared to conventional methods [Mackness and Dun-ington, 
1992; Skinner, 1992] and, therefore, can eventually be used for 
point-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 lipoprotein 
mixtures as previously reported [Paek et al., 1999]. These m i x ~ e s  
as standard samples contained LDL and VLDL, adjusted to typical 
clinical conceim-ations of cholesterol (150 mg/dL LDL-C and 20 
mg/dL VLDL), in the combination of HDL at different conceil~a-a- 
tions (0 to 100 mg/dL). This settitg allowed tts to obtain dose re- 
sponses of the system to the analyte. Without using antibody to apo 
B100, the system produced nigh signals as responses to variable 
closes. In the proposed conditions with the antibody, the system did 
not only reduce significantly the sigi~als, but also showed a pattern 
of dose response in proportion to the levels of HDL-C. Such dose- 
response pattem was approximately identical to that obtained with 
samples in which I-DL was solely present. These results indicated 
that the membrane slrip system can be utilized to quantitatively de- 
tect HDL-C provided a sensor, conveNng the cholesterol concen- 
tration to a physically measurable signal, is incorporated into the 
analytical system. 
5. Electrochemical Immunosensor  

Hydrogen peroxide, a product fi-om 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 in proportion to the cholesterol concentration. To 
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reactions and sepa~ion via a conlrol technology of liquid medium 
flow. Furflletmore, a non-invmive micro system mmipulating ana- 
no liter-size sanple as mentioned is being investigated in parallel 
with the automation. 
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Lee, D.-H., Epstein, N. and Grace, J. R., "Hy&'odynanaic Transition for 
Fixed to FuUy Fluidized Becks for Three-Phase Inve~  Fluidizatiog' 
Korean J. Chem. Eng., 17, 684 (2000). 

1. Page 684, column 2, lines 5-6: Delete the word "inverse". 
2. Page 686, column 1, lines 7-8 under RESULTS AND DIS- 

CUSSION: "In the case of the gas holdup con'elation of Buf- 
fiere and Moletta [1999] for bubble coltrnn" should be chang- 
ed to "In the case of the two gas holdup con'elations of Buf- 
fiere and Moletta [1999] for bubble columns". 

3. Page 688, cokwan 2, Fig. 8: "lbrahim et al. [1997] should be 
changed twice to "Ibrahim [1997]", i.e. delete "et al.". 

4. Page 687, Eq. (14): Ap~,~c~ = 
changed A, 

to Ap~,~c~o '- A, 

should be 
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