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A monoclonal antibody (Mab) against lycopene was developed from hybridoma clones obtained from BALB/c
mice immunized with frans-isomer of lycopene (t-lycopene, -LC) conjugated with colloidal gold particles. An
alternating immunization schedule which included injection of both formulations of immunogen (without and
with Freund’s adjuvant) was most effective in the elucidation of a measurable immune response to the
t-Lycopene conjugate. Selected hybridoma clones were able to produce an Mab positive in competition assay.
In particular, preincubation of 6B9 Mabs with -LC abolished the ability of 6B9 Mabs to bind LC in the
competition assay. Mabs produced by other clones (4F10, 4A3, and 3B12) worked similarly. Analysis of
antigen specificity showed that 6B9 Mab raised against -L.C did not recognize other carotenoids such as lutein
and carotene. Mab 6B9 was shown to recognize lycopene on a glass surface and in the settings of indirect
immunofluorescence experiments performed in cultured hepatocytes and alveolar macrophages incubated with
and without lycopene, as well as in sebum and corneocyte specimens from the skin of volunteers supplemented
with nutraceutical formulation of lycopene. Newly generated Mabs against lycopene may provide a valuable
tool for different analytical assays of lycopene content in various biological, agricultural, and food products.
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Introduction

L YCOPENE IS A HYDROPHOBIC polyunsaturated hydro-
carbon tetraterpene compound present in certain red-
colored fruit and vegetables (tomato, watermelon, red
grapefruit, guava, and papaya). Lycopene has strong anti-
oxidant activity owing to the 11 adjacent double bonds and
2 additional unconjugated distal hydrogen bonds in its mo-
lecular structure.” Lycopene is present in natural products as
the all-trans isomer. However, exposure to heat, light, or
oxidative agents may lead to rearrangement of the double
bonds and subsequent formation of various cis-isomers. The
antioxidant potential of lycopene exceeds the antiradical
properties of a-carotene, [-carotene, tocopherols, and
ascorbic acid.”® It has been recently demonstrated that par-
ticipation of lycopene in biological oxidation leads to its ir-
reversible degradation and the formation of end products,
which are excreted from the human body.”"~’ Unlike plants,
mammalian species cannot synthesize lycopene and are
fully dependent on nutritional sources of the compound.
Although lycopene is categorized as a nonessential nutrient,
dietary intake is important at all stages of human life, from

childhood development through to adulthood and healthy
aging. Decreased plasma levels of lycopene are associated
with the progression of and poor clinical outcomes for
cardiovascular disease,”” diabetes,” and various types of
cancer.” There is also evidence that even excessive con-
sumption of lycopene-containing food products may be
insufficient to achieve high plasma lycopene levels due to
the poor bioavailability of lycopene, especially in people
with metabolic syndrome and those who are over 50 years
0ld."""” This may explain why plasma level of lycopene has
a higher prognostic value for health status than lycopene
representation in the diet."

Timely identification of lycopene deficiencies and their
effective correction with dedicated food or nutraceutical
supplementation would be significantly improved and have
higher compliance if both health practitioners and patients
could have more accessible laboratory or even point-of-care
quantitative test(s) for lycopene measurement.

High-performance liquid chromatography along with
other analytical procedures remains the preserve of special-
ized laboratories and is the only option for quantification of
lycopene in different biological materials.
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TABLE 1. IMMUNIZATION GROUPS MICE (N=3 PER GROUP) INJECTED WITH T-LYCOPENE-GNPSs
CONJUGATE WITH COMPLETE AND INCOMPLETE FREUND’S ADJUVANT

Amount of t-Lycopene (ug/mouse)
No. Immunogen 1 injection 2 injection 3 injection 4 injection 5 injection
1 t-LC-GNPs 15 25+cAF 25+ AF 25+HAF 25+HAF 25+ AF
2 t-LC-GNPs 30 25+cAF 25+iAF 25+iAF 25+iAF 25+iAF
3 t-LC-GNPs 15 25 50 50 25+cAF 25+ AF
4 t-LC-GNPs 30 25 50 50 254+cAF 25+iAF
5 t-LC-GNPs 15 17+cAF 17+AF 17+HAF 25 (buster) —

cAF, complete Freund’s adjuvant; GNPs, gold nanoparticles; iAF, incomplete Freund’s adjuvant.

In the present study, we report on the development of new
monoclonal antibodies against lycopene, which can be used for
evaluation of lycopene content in different biological materi-
als, including agricultural, food, and clinical specimens.

Materials and Methods

All trans-Lycopene (#-LC), lutein, carotene, HAuCly
bovine serum albumin (BSA), Freund’s adjuvant, Liquid
Substrate System for enzyme-linked immunosorbent assay
(ELISA) reagents and other chemicals, solvents, and supplies
were purchased from Sigma-Aldrich (St. Louis, MO). ELISA
plates were purchased from Greiner Bio-One (No. 762070;
Frickenhausen, Germany). Female BALB/c mice aged 3
months were ordered from the Puschino Breeding Facility
(Moscow, Russia). All aqueous solutions, including high-
pressure liquid chromatography (HPLC) buffers, were pre-
pared using Millipore Milli-Q grade water.

Lycopene-gold conjugate

Lycopene-gold conjugate was used for the immunization
protocol. Colloidal gold nanoparticles (GNPs) with a size of
15 or 30nm (GNPs15 and GNPs30) were prepared as pre-
viously described®”

In brief, 0.5 mL of 1% HAuCl, was added to 48.0 mL of
boiling water and stirred for 2 minutes. Addition of a 1%
solution of sodium citrate was made immediately. To achieve
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the formation of GNPs with a size of 15nm, 1.5 mL of so-
dium citrate was added. GNPs with a size of 30 nm were
obtained by addition of 0.72 mL of sodium citrate. The re-
action mixture was boiled for 20 minutes and cooled down to
room temperature.

Lycopene was dissolved in EtOH (0.5 mg/mL), and the
solution was heated to 80°C until the crystals were com-
pletely dissolved. The GNPs solution was mixed with
lycopene-EtOH at a ratio 5:1 (v/v) and kept at room tem-
perature for 20 minutes. The conjugated obtained was im-
mediately used for immunization injections.

Antibody generation

All animal procedures were described in the study protocol
approved by the local Animal Research Ethical Committee at
the Moscow Institute of Virology. Suspensions of 7-LC-
GNPs conjugates were freshly prepared, either mixed, or not
mixed, with the complete Freund adjuvant and injected
intraperitoneally. Mice were immunized five times with a
2-week interval between injections of conjugates.

Serum evaluation

Serum specimens from the immunized mice were rou-
tinely screened using indirect ELISA after the second round
of immunization.
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FIG. 1.

Antibody titer immunized mice belonging to the fifth immunization group.
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TABLE 2. LYCOPENE-SPECIFIC MAB CLONES

MAD activity MAD activity

Clone Isotype in culture medium in ascites
4F10 IgM 1/64 10*
4A3 IgM 1/128 10°
3B12 IgM 1/128 10*
6B9 IgM 1/128 3% 10°

Titer check

Each well of ELISA microplates (Greiner Bio-One 96-
well) was coated with 100 pL of lycopene diluted in absolute
ethanol (10 pg/mL) and then dried out at room temperature.

Control sera from nonimmunized mice and sera from im-
munized mice were diluted with PBST supplemented with
I mg/mL BSA. One hundred milliliters serial dilutions
ranging from 1:1000 to 1:128,000 were pipetted into the
wells of the ELISA plates, with further incubation of the
plates at 37°C for 1 hour. After three washes with PBST,
addition of peroxidase-labeled goat antibody against mouse
IgG was made. Further incubation of the plates at 37°C for
1 hour was followed by three PBST washes and addition of
100 pL/well of tetramethylbenzidine chromogenic substrate.
After 30 minutes incubation at room temperature, the color
reaction was stopped by adding 50 pL/well 1 N H,SO,. The
plates were read at 450 nm (Multiscan EX; Thermo Scien-
tific, Waltham, MA). The titers were measured for each in-
dividual mouse after each round of the immunization cycle.

Hybridoma construction

After 72 hours following the final intravenous boost, the
spleens of anesthetized mice (positive responders) were re-
moved and dispersed, and the resulting splenocytes were
fused with Sp-2 cells and incubated in HAT medium ac-
cording to the conventional protocol.”’ Positive wells were
inspected microscopically for cluster formation, and the su-
pernatants were tested for antibody presence by indirect
ELISA. Positive clones were subcloned by limiting dilution
protocol using spleen feeders. Antibodies were isotyped with
a Mouse Monoclonal Antibody Isotyping Reagent (Sigma-
Aldrich). The hybridoma cell line was submitted and de-
posited at the Institute of Genetics and Selection of Genetics
and Selection of Industrial Microorganisms (Submission In-
quiry No. 194/16).

t-L.C with colloidal gold was used as a coating agent for an
indirect competitive ELISA as described above. Serum
specimens obtained from immunized mice were used as a
source of primary antibody. Increasing concentrations of
nonconjugated #-LLC mixed with aliquots of sera or ascitic
fluid were preincubated on ice for 1 hour before inoculation
into the wells of the ELISA microplate.

Validation of t-LC-specific antibody

Validation of t-LC antibody was also performed by im-
munofluorescence analysis in cultured cells incubated with
oil-formulated lycopene. Stock oil solutions of lycopene
(15%) were purchased from LycoRed (Basel, Switzerland)
and kept at-20°C. For studies in cultured cells, the stock
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FIG. 2. Comparison of ascitic fluids from different clones in enzyme-linked immunosorbent assay (ELISA).



4

solution was dissolved in DMSO at concentrations of 0.75, 1.5,
and 3.0 ug/mL. C B10.MLM, a cell line of alveolar macro-
phages, was obtained from Prof. AS Apt (Institute of Tu-
berculosis, Moscow, Russian Federation). Cells were grown in
5% CO, in DMEM supplemented with 2 mM glutamine and
10% FCS. B10.MLM cells grown on coverslips were incu-
bated with lycopene for 46 hours. Cells were then washed with
PBS twice, fixed with 3% formaldehyde/0.025% glutaralde-
hyde at room temperature for 20 minutes, and permeabilized
with 0,3% saponin. After blocking with 3% BSA for 30 min-
utes, cells were stained with the primary anti-lycopene anti-
bodies (6B9) and FITC-conjugated anti-mouse IgM (pi-chain
specific-FITC). Cells were visualized using a Nikon Eclipse
50i fluorescence microscope at x 1000 magnification.

Results

Lycopene immunizations carried out with complete and
incomplete Freund’s adjuvant mixed with #-LC—GNPs15
(first and second groups, Table 1) were accompanied by the
appearance of LC-specific antibodies in serum beginning the
second week after immunization in the range of 1:800 to
1:1000. However, after the third immunizing injection, mice
from groups 1 and 2 became sick and died, suggesting a toxic
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effect from GNPs-conjugated lycopene injected with
Freund’s adjuvant.

Very low antibody response was seen in the mice injected
with -LC-GNPs151 -LC-GNPs30 without adjuvant
(Groups 3 and 4, Table 1). Much better immune response was
seen in the group 5 of mice injected with lower amount of
immunogen (17 pg/mouse) and reduced number of immu-
nizing injections (three injections instead of five) and further
buster injection of unconjugated ¢-LC.

One of the immunized mice (No. 3) had a distinctive an-
tibody titer (1:1600) and was used for the fusion procedure
(Fig. 1). Therefore, the immunization protocol used was
considered to be a most effective way to achieve a measur-
able immune response to -LC.

Fusion protocol allowed us to obtain over 500 primary
hybridoma clones selected in the HAT medium. Screening of
culture medium for the presence of -LC-specific antibodies
was conducted from day 8 of clone cultivation and lead to the
establishment of 24 hybridoma clones producing antibody
specifically recognizing #-LC. After subcloning, four hy-
bridoma cell lines producing LC-specific IgM antibodies
were established. Clone characteristics are shown in Table 2.

All clones mentioned above had some differences in
ability to produce Mab (Fig. 2).
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FIG. 3. Recognition of lycopene, lutein, and carotene in ELISA by Mab 6B9.
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Samples

A Slide glass

B Cell cultures
incubated with lycopene for
48 hours

C Human sebum,
effect of lycopene
supplementation for 4 weeks

t-Lycopene visualization and measurement

alveolar macrophage

McCoy cells

D Human skin corneocyte,
effect of lycopene
supplementation for 4 weeks

baseline

baseline

after 4 weeks

after 4 weeks

FIG. 4.

Analysis of antigen specificity showed that 6B9 Mab
raised against -LC did not recognize other carotenoids such
as lutein and carotene (Fig. 3A, B).

The newly developed Mab 6B9 against +-L.C was validated
in different systems.

First of all, clones were capable of #-LLC detection in the
indirect immunoassay performed on a glass slide surface
(Fig. 4A). Second, Mab 6B9 was used in immunohistochem-
istry analysis. It was possible not only to detect #-L.C but also to
visualize its intracellular distribution within cultured human
hepatocytes and alveolar macrophages, following their incu-
bation with an oil solution of -LC for 48 hours (Fig. 4B).

Figure 4C and D show that it was possible to measure
changes in #-LC presence in sebum and corneocytes in skin
imprints of volunteers, after 4 weeks of oral supplemen-
tation with 7mg lycopene supplement (Lycotec, United
Kingdom).

Discussion

Immunization protocols based on the use of colloidal gold
particles open new possibilities for the generation of highly
specific antibodies against various substances as well as for
immunodiagnostics and immunotherapy. As recently re-
ported,"'” injections of antigens or haptens with colloidal
gold particles promote their delivery to dendritic cells and
enhance lymphocyte proliferation and antibody response at

Immunofluorescent detection of t-Lycopone.

much greater levels than other standard immunization tech-
niques. Colloidal particles allow the generation of new an-
tibodies against substances whose immunogenic properties
were questioned for many decades.

In the present study, we report on the development of new
monoclonal antibodies capable of lycopene recognition,
which were raised by immunization of mice with ¢-lycopene
associated with colloidal gold particles. To the best of our
knowledge, this is the first description of the successful
raising of monoclonal antibodies against a member of ca-
rotenoid family. As we have shown above, these antibodies
bind specifically to lycopene in the ELISA test. All four
hybridoma clones established synthesize Mabs, which rec-
ognize lycopene, did not bind to another major carotenoid
lutein, which has similar antioxidant properties and struc-
ture.' " Moreover, Mab 6B9 has a unique ability to recognize
lycopene inclusions in the settings of indirect immunofluo-
rescence experiments.

In particular, it was shown that Mab 6B9 could not only
detect but also visualize lycopene distribution within cultured
McCoy cells and alveolar macrophages, which were pre-
incubated with this carotenoid for 48 hours. These results, to
the best of our knowledge, for the first time, demonstrate
intracellular localization of lycopene in intact cells, pre-
dominantly in their cytoplasm.

Moreover, these antibodies were able to recognize and
measure changes in #-LC concentration in sebum and
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corneocytes from the skin of volunteers"? after supple-
mentation with lycopene nutraceutical for 4 weeks.

However, there is a theoretical challenge to explaining the
mechanism underlying antibody response to such a low-
molecular weight substance as lycopene. Lycopene is a hy-
drocarbon compound of relatively low molecular weight
(536.89 g-mol ™) belonging to the tetraterpene group. It has
11 conjugated double bonds mediating its antioxidant activ-
ities.""” Lycopene is one of the most powerful antioxidants
whose antiradical activity exceeds the antioxidant potential
of tocopherol, beta-carotene, and ascorbic acid."'® The
highly unsaturated chemical structure of lycopene predeter-
mines its ability to react with many substances containing or
generating singlet molecular oxygen such as peroxyl radicals,
hydrogen peroxide, and hypochlorite.""'* Therefore, mo-
lecular associations between lycopene and oxidized proteins
or carbohydrates may confer on the lycopene molecule
hapten properties capable of elucidating the immune re-
sponse. Colloidal gold may promote such temporary associ-
ations of lycopene with macromolecules required for the
initiation of immune response. Nevertheless, the mechanism
of antibody response to lycopene administration with col-
loidal gold particles remains unclear and should be further
evaluated.

It should be stated also that the development of lycopene-
specific Mab opens up a number of exciting new possibilities.
This includes the ability to detect lycopene and assess its
intracellular distribution and distribution in tissues in vitro,
ex vivo, and in situ, without affecting integrity of the cell or
tissue structures, both in an experimental setting or for di-
agnostic purposes.

In addition, these antibodies could be used for the devel-
opment of assays of different design not only for laboratory
applications but also for point-of-care self-monitoring tests.
The cost and relative simplicity of these tests would make
screening and detection of lycopene deficiencies, and also
their correction by changes in diet or nutraceutical supple-
mentation, significantly more efficient.

At present, the only method of choice for lycopene quan-
tification in biological or clinical specimens is HPLC, which
is expensive and requires specialized chemistry laboratory
expertise. Development of new analytical and diagnostic
tools based on newly established lycopene-specific Mab may
allow highly efficient and simple protocols for quantification
of lycopene in biological specimens, transforming lycopene
quantification procedure into a routine laboratory method.

Moreover, use of these antibodies as the basis for new
point-of-care tests could make prevention and correction of
lycopene deficiencies more effective, and therefore be an
important tool for personalized nutrition in support of the
cardiovascular system, cancer prevention, and healthy ageing.
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