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Cancer is one of the leading causes of death
worldwide (1). In 2012, there were 14.1 million
new cancer diagnoses and 8.2 million cancer deaths
worldwide. Thyroid cancer among women account-
ed for 230 000 of these new cases and for 27 000
deaths. Among men, there were 70 000 new cases
of thyroid cancer and 13 000 deaths (2). In most
countries, the incidence of thyroid cancer has
increased substantially (3, 4). If this trend contin-
ues, it may become one of the most common can-
cers (5, 6). 

As well as by classical methods such as comput-
ed tomography (CT) scans and fine needle aspirate
(FNA), thyroid cancers can also be diagnosed based
on the application of biomarkers. Thyroid cancer
biomarkers include the serum protein markers calci-
tonin (7), thyroglobulin (8, 9), galectin-3 (GAL-3),
cytokeratin-19, metalloproteinase-1 (TIMP-1) (10)

and apolipoprotein C-I, apolipoprotein C-III and
haptoglobin alpha-1 chain (11).

It is estimated from the literature (to 2016) that
around 30 metabolites have been identified, with
significantly different levels of abundance in differ-
ent types of thyroid tumors. These metabolites
include lipids, carboxylic acids, and saccharides. In
general, however, it has been concluded that the
analysis of multicomponent metabolome signatures
is the most promising method for the diagnosis of
thyroid cancer (12-16). Monitoring metabolome
components is currently recognized as a powerful
and multipurpose medical diagnostics tool. It is used
to determine health status, disease extension and to
monitor the progress of therapy (17-19). Modern
analytical methods can provide quantitative and
qualitative information on the chemical components
of diseases, enabling identification of their specific
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markers. Recently, the benefits of this approach
have been enhanced by high throughput data collec-
tion, leading to the identification of chemical finger-
prints for diseases (20). 

The development of ultrasensitive multiplexed
systems based on fluorescent nanocrystals (quantum
dots, QDs) has proven to be effective for early and
timely diagnosis of cancers in specific settings (21).
Further progress has been spurred by the application
of combinatorial chemistry methods, supported by
high-throughput screening. This has provided new
tools for differentiating the personalized score pat-
terns of healthy and disease-suffering patients,
which is particularly helpful in cases where specific
markers have not been identified, or when measure-
ments show very large intra-individual variations,
thus limiting their usefulness in terms of classical
medical diagnosis. 

A diverse range of modifications can occur with-
in the metabolic profile of a cancer cell, leading to
heterogeneity (22). Currently, there is intense inter-
est in understanding how cancer cells alter cellular
metabolism, in whether such changes affect prolif-
eration and tumor growth and in identifying the fac-
tors which cause these variations (23-31). Given that
characterization of cancer heterogeneity is critical
for correct diagnosis and indispensable for success-
ful therapy (32), endeavors have been made to
develop new diagnostic platforms based on pro-
teomic analysis (33-35), cancer cell metabolism (36,
37) and regulating mechanisms (38). 

In the research described in this paper, prelimi-
nary attempts were made to use a library of synthet-
ic receptors to differentiate the metabolite composi-
tion of healthy and cancer cells. Our approach is
based on the different affinities of the components
of the tissue homogenate for the binding sites of
molecular receptors. The receptors were formed by
the self-organization of N-lipidated oligopeptides
immobilized in a regular pattern on a cellulose sur-
face. In previous studies, such constructs had been
found capable of differentiating tiny modifications
in ligand structures (39) and of selectively binding
ligand molecules, thus acting as artificial receptors
(40, 41). Due to the conformational flexibility of lip-
idated oligopeptide chains and the presence of diver-
sified functional groups in side chains of amino acid
residues, the host-binding pockets formed by
supramolecular peptide-peptide interactions are able
to adjust their shapes and properties effectively to
the requirements of the guest molecule. Varied
affinity to tissue homogenates is due to the various
quantitative and qualitative composition of the
homogenates and to their competitive, highly spe-

cific interactions with the molecular receptors, lead-
ing to the formation of molecular complexes which
are dependent for their stability on the structure of
the interacting ligand. Thus, if the binding pattern
obtained for patients with a given thyroid cancer is
coherent, taking into account both the disease and
personal factors, a new diagnostic tool will have
been obtained, which could enable the identification
of specific biomarkers using less invasive proce-
dures. Moreover, it is possible that this methodolo-
gy could be extended to other groups of diseases.

MATERIALS AND METHODS

Synthesis of molecular receptors
Immobilization of 2,4-dichloro-6-methoxy-1,3,5-

triazine (DCMT)

140 sheets (10 × 5) of Whatman-7 filter paper
were immersed in 1 M NaOH (400 mL) and gently
shaken for 15 min. The excess solution was
removed, and the wet paper sheets were then soaked
in a suspension of finely ground sodium bicarbonate
in 1 M of 2,4-dichloro-6-methoxy-1,3,5-triazine (68 g)
and THF (400 mL). The samples were gently shak-
en for 45 min at room temperature. The cellulose
sheets were then washed with gentle shaking for 10
min in THF (2 × 300 mL), acetone (2 × 300 mL),
acetone: H2O 1 : 1 (2 × 400 mL), acetone (2 × 400
mL) and DCM (300 mL). To remove the remaining
solvent, they were left to dry in a vacuum desiccator
over P2O5 and KOH to constant weight.
Elemental analysis: for cellulose: %N 0.00-0.05;
%Cl 0.01-0.05, after CDMT immobilization found:
%N 3.64; %Cl 2.66. Loading of the cellulose sheets
with triazine was calculated from elemental analysis
data. Based on a nitrogen content of 2.60 mmol
(N)/1 g, loading was calculated as equivalent to NLw

= 0.87 mmol (triazine)/1 g. Surface loading based on
nitrogen content of 31.9 ï 10-6 mol (N)/cm2 was
equivalent to NLs = 10.6 ï 10-6 mol (triazine)/cm2.
Loading based on chlorine content was calculated as
ClLw= 0.75 mmol (Cl)/1 g, equivalent to ClLs = 
9.2 ï 10-6 mol (Cl) /cm2.

Immobilization of m-phenylenediamine

Cellulose sheets functionalized with 2,4-
dichloro-6-methoxy-1,3,5-triazine (DCMT) were
separated using polypropylene-made mesh dividers
and immersed in 1 M solution of m-phenyl-
enediamine (43 g) in THF (400 mL), with gentle
shaking for 24 h at room temperature. The sheets
were then removed from the m-phenylenediamine
solution, soaked with dry filter paper and then
washed successively with THF (2 × 200 mL), DMF
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(2 × 200 mL), and with THF (2 × 200 mL). The
sheets were dried in a vacuum desiccator. 

Loading of the first amino acids. Sub-libraries

{1(A)}, {2(W)}, {3(P)} 

For each sub-library, {1(A)}, {2(W)} and {3(P)},
46 cellulose sheets were labeled with a graphite
pencil as ì1î, ì2î or ì3î. The Fmoc-protected amino
acids (15 mmol), 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium tetrafluoroborate (DMT/
NMM/BF4) (4.92 g, 15 mmol) and HOBt (2.28 g, 15
mmol) were dissolved in DMF (50 mL), and NMM
(3.3 mL, 30 mmol) was added. The functionalized
cellulose sheets loaded with Fmoc-L-protected
amino acids were separated using polypropylene-
made mesh dividers. They were immersed in the
mixture of reagents with gentle shaking for 24 h.
The excess acylating reagent was removed. The
sheets were then washed successively in DMF (3 ×
100 mL) and DCM (3 × 50 mL) with gentle shaking.
They were dried in a vacuum desiccator. 

The same procedure was used for the prepara-
tion of sub-library {1} using Fmoc-L-Ala-OH (4.94
g, 15 mmol), sub-library {2} using Fmoc-L-
Trp(Boc)-OH (6.40 g, 15 mmol) and for sub-library
{3} using Fmoc-L-Pro-OH (5.06 g, 15 mmol).

Evaluating loading of first amino acids on cellu-

lose 

Loading of the first amino acids on cellulose was
evaluated based on an extinction measurement of
the absorbance at 301 nm of dibenzofulvene, which
forms during the removal of the Fmoc group.
Quantitative assessment of the first amino acids
immobilized on cellulose was performed based on
the equation: 

A301 V
[mmol/gcellulose] = ññññññ × ññññññ

7800      mcellulose

where A is the absorbance of dibenzofulvene, V is
the volume of the flask [mL] and m is the mass of
cellulose [g].

Two independent measurements were per-
formed for each sub-library, {1}, {2} and {3}, using
two fragments of each cellulose sheet. The results
are shown in Table 1.

Removal of Fmoc-protecting group 

For each sub-library, {1}, {2} and {3}, 45 sheets
were immersed in 25% solution of piperidine in
DMF (400 mL) and gently shaken for 20 min. They
were then washed with DMF (3 × 200 mL) and
DCM (1 × 200 mL) and used immediately in the
next synthetic stage. 

Incorporation of the second amino acid

For each sub-library, {1}, {2} and {3}, consist-
ing of a set of 40 sheets, every other sheet was
labeled with graphite pencil as {101}, {102}, {103},
{104}, {105}, {106}, {107}, {108}, {109},
{110},{111}, {112}, {113}, {114},{115},{116},
{117}, {118}, {119}, {120} for Ala, {201}, {202},
{203}, {204}, {205}, {206}, {207}, {208}, {209},
{210},{211}, {212}, {213}, {214},{215},{216},
{217}, {218}, {219}, {220} for Trp, and {301},
{302}, {303}, {304}, {305}, {306}, {307}, {308},
{309}, {310},{311}, {312}, {313}, {314}, {315},
{316}, {317}, {318}, {319}, {320} for Pro. The
sheets in the sub-library were then separated using
polypropylene-made mesh dividers and immersed
with gentle shaking for 24 h in a solution of Fmoc-
L-protected amino acid (5 mmol), DMT/NMM/BF4

-

(1.65 g, 5 mmol) and HOBt (0.76 g, 5 mmol) in
DMF (30 mL), to which NMM (1.1 mL, 10 mmol)
was added. The excess acylating reagent was
removed, and the sheets were washed successively
by shaking in DMF (3 × 100 mL and DCM (3 × 100
mL). They were dried in a vacuum desiccator. The
same procedure was repeated using successively all
20 natural amino acids:

Fmoc-L-Ala-OH (1.646 g, 5.0 mmol) and sheets
marked as: 101, 201, 301.

Table 1. Loading of the first amino acids on cellulose.

Amino acids A301 mcellulose [g] Loading [mmol/g]

1-Ala 0.501 0.0122 0.132

2-Ala 0.492 0.0121 0.130

1-Pro 0.554 0.0217 0.081

2-Pro 0.547 0.0222 0.079

1-Trp 0.499 0.0131 0.122

2-Trp 0.499 0.0130 0.123
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Fmoc-L-Phe-OH (1.937 g, 5.0 mmol): and sheets
marked as: 102, 202, 302.
Fmoc-L-Leu-OH (1.767 g, 5.0 mmol) and sheets
marked as: 103, 203, 303.
Fmoc-L-Ile-OH (1.767 g, 5.0 mmol) and sheets
marked as: 104, 204, 304.
Fmoc-L-Val-OH (1.697 g, 5.0 mmol) and sheets
marked as: 105, 205, 305.
Fmoc-L-Met-OH (1.857 g, 5.0 mmol) and sheets
marked as: 106, 206, 306.
Fmoc-L-Cys(Trt)-OH (2.928 g, 5.0 mmol) and
sheets marked as: 107, 207, 307.
Fmoc-L-Ser(tBu)-OH (1.917 g, 5.0 mmol) and
sheets marked as: 108, 208, 308.
Fmoc-L-Tyr(tBu)-OH (2.298 g, 5.0 mmol) and
sheets marked as 109, 209, 309.
Fmoc-L-Thr(tBu)-OH (1.987 g, 5.0 mmol) and
sheets marked as: 110, 210, 310.
Fmoc-L-Glu(OtBu)-OH (2.127 g, 5.0 mmol) and
sheets marked as: 111, 211, 311.
Fmoc-L-Asp(OtBu)-OH (2.057 g, 5.0 mmol) and
sheets marked as: 112, 212, 312.
Fmoc-L-Gln(Trt)-OH (3.053 g, 5.0 mmol) and
sheets marked as: 113, 213, 313.
Fmoc-L-Asn(Trt)-OH (2.983 g, 5.0 mmol) and
sheets marked as: 114, 214, 314.
Fmoc-L-His(Trt)-OH (3.098 g, 5.0 mmol) and
sheets marked as: 115, 215, 315.
Fmoc-L-Lys(Boc)-OH (2.342 g, 5.0 mmol) and
sheets marked as:116, 216, 316.
Fmoc-L-Pro-OH (1.687 g, 5.0 mmol) and sheets
marked as: 117, 217, 317.
Fmoc-L-Trp(Boc)-OH (2.132 g, 5.0 mmol) and
sheets marked as: 118, 218, 318.
Fmoc-L-Arg(Pbf)-OH (3.244 g, 5.0 mmol) and
sheets marked as: 119, 219, 319.
Fmoc-Gly-OH (1.486 g, 5.0 mmol) and sheets
marked as: 120, 220, 320.

Removal of Fmoc-protecting group 

Each sub-library of dipeptides was immersed in
25% solution of piperidine in DMF (400 mL) and
shaken gently for 20 min. They were washed with
DMF (3 × 200 mL) and DCM (1 × 200 mL) then
used immediately in the next stage of synthesis.

Incorporation of carboxylic acid residue 

Carboxylic acid (20 mmol) and NMM (1.2 mL,
10 mmol) were added to a solution of DMT/
NMM/TosO- (8.26 g, 20 mmol) in DCM (75 mL)
cooled to 0-5OC with vigorous stirring. Stirring was
continued at 0-5OC for 4 h. Each sub-library of 60
sheets, separated by polypropylene-made mesh
dividers, was then immersed in the suspension with

gentle shaking at room temperature for 24 h. The
sheets were soaked and washed with DCM (4 × 200
mL), DMF (2 × 200 mL) and DCM (2 × 200 mL).
Acylation using (9Z, 12R)-12-hydroxyoctadec-9-
enoic (ricinoleic acid) (A) (5.97 g, 20.0 mmol) and
octadecanoic acid (stearic acid) (B) (5.69 g, 20.0
mmol) yielded 120 components. 

Removal of side chain protecting groups

The functionalized cellulose sheets were treated
with 400 mL solution of TFA in DCM (50% v/v) in
the presence of triisopropylsilane (TIS) (2% v/v)
and water (3% v/v) for 2 h. They were then washed
by successive immersion in DCM (2 × 200 mL),
EtOH (2 × 200 mL) and DCM (2 × 200 mL) with
gentle shaking. They were dried in a desiccator. 

Cloning of the library

The library obtained was cloned into 80 copies
by dividing the sheets into uniform disks 6 mm in
diameter. Each disk was individually marked using
a graphite pencil with the label of the parent sheet.
The disks were treated with a solution of phosphate
buffer at pH 7 for 15 min and then dried in a vacu-
um desiccator. 

Biological samples
Thyroid samples were collected from 19 patients

after scheduled thyroidectomies at the Department
of General, Gastroenterological and Endocrinologi-
cal Surgery, Medical University of Wroclaw. Two
thyroid samples were taken from each patient. The
first sample was taken from tumor tissue and the
second from healthy tissue from tumor-free lobes.
The samples were collected from 19 patients with
different thyroid conditions. 

To reduce the personalized effects, all the data
obtained for individual patients were assembled as
sets of results defined according to the cancer type,
as diagnosed after surgery. The samples were
assembled into 5 groups: four groups with benign
tumor types (nodular goiter, benign thyroiditis
chronica, benign Huerthle cell adenoma and benign
struma nodosa) and one group with malignant pap-
illary thyroid cancer.

All the samples were transported in liquid nitro-
gen and stored in deep-freeze (-72OC) until process-
ing. Each tissue sample (100 mg) was homogenized
in 0.05 M phosphate buffer pH 6.8 (1 mL) in an ice
bath. The homogenate was centrifuged at 7840 G
(10 min, 3OC). Supernatant (400 µL) was ultrafil-
tered at 13 400 G for 95 min at 3OC using a
Microcon YM-3 centrifugal filter unit (Millipore,
Bedford, USA). Ultrafiltration was repeated with a



Molecular fingerprinting of thyroid cancer cells using library of molecular... 1021

Scheme 1. Synthesis of receptor library 14 formed by self-organization of N-acylated dipeptides immobilized on cellulose surface
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second 400 µL volume of supernatant. Low molecu-
lar weight fractions from both portions were mixed
in a 1.5 mL Eppendorf tube, frozen in liquid nitro-
gen, lyophilized and stored in a freezer (-18OC).
Before analysis, the lyophilizate was dissolved in
water (0.7 mL). The solution was immediately
deposited on a peptide library (5 µL on each disc).

Binding of tissue homogenate components to
molecular receptor pockets 

Before docking components of the tissue homo-
genate, the library of molecular receptors was treat-
ed with pH 7 phosphate buffer for 15 min. The disks
were then washed with distilled water (3 × 50 mL)
and dried in a vacuum desiccator. Both the healthy
and unhealthy tissue homogenates were suspended
in pH 7 phosphate buffer. The 120 cloned disks from
the library were immersed in the suspension with
gentle shaking for 15 min. The excess homogenate
was removed by washing with aqueous 0.9% NaCl
solution (2 × 50 mL) and distilled water (1 × 50
mL). The disks were dried in vacuum desiccator for
24 h. They were then immersed again in 0.001 M
solution of Brilliant Black in methanol (50 mL),
shaken for 20 min and washed thoroughly with
methanol (5 × 50 mL). The disks were dried in a
vacuum desiccator and scanned. 

Scanning was performed in a 24-bit RGB color
space. The images obtained were converted into
256-bit grayscale, then processed using the Image-
Quant program. For each disk, an average value was
given for ìgrayî coloration, showing differences in
interaction between the binding pockets of the

molecular receptors and the reporter dye. The abili-
ty of the molecular receptors to interact with color-
less compounds of low molecular weight in the tis-
sue homogenates (ID) was calculated as the differ-
ence between the intensity of coloration by the
reporter dye (IDrd) and the intensity of coloration
after treatment with colorless analyte (IDa) followed
by the reporter dye:

ID = IDrdñ IDa

where ID is the intensity of ligand binding measured
by coloration in 256-bit grayscale, IDrd is the intensi-
ty of coloration with reporter dye and IDa is the inten-
sity of dying after treatment with analyte followed
by reporter dye. ID is thus proportional to the amount
of ligand bound to the receptor. The same procedure
and calculations were used for the analytes taken
from all patients, including healthy and cancerous
tissues ñ i.e., the ID

h for healthy tissue and ID
c for can-

cer tissue were calculated for each receptor. 

RESULTS AND DISCUSSION

All Proteinogenic amino acids were used as sub-
strates in the preparation of molecular receptors.
This approach ensured the synthesis of molecular
receptors capable of differentiating between healthy
and cancerous tissue homogenates. The receptor
layer was prepared using a stepwise process, fol-
lowing procedures described elsewhere (42). The
order of the steps was as follows: functionalization
of cellulose (1) with a 1,3,5-triazine derivative 2;
reaction with m-phenylenediamine (4); coupling
with N-Fmoc-protected Ala, Pro or Trp; deprotec-

Scheme 2. Methodology for cloning molecular receptor libraries
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tion of the N-terminus; coupling with all Fmoc-pro-
tected proteinogenic amino acids separately; acyla-
tion with appropriate carboxylic acids 10A-B (see
Scheme 1).

Each constituent of the library was prepared on
a separate cellulose plate. The library was then
cloned to produce 120 copies by cutting the cellu-
lose plates into identical discs 6 mm in diameter.
Each disc was marked with a unique label on the
reverse-side using a graphite pencil (see Scheme 2).
This procedure guaranteed access to identical copies
of the library and eliminated any discrepancies aris-
ing from accidental modification during receptor
synthesis.

As anticipated, the cloned libraries of receptors
gave spread patterns of responses for cancer
patients. Analysis of the results showed that, in all
cases (tissue homogenates of 19 patients diagnosed
with malignant or benign thyroid cancers), an indi-
vidual pattern of responses was obtained for each
patient.

To reduce the personalized effects, all the data
obtained for individual patients were assembled as
sets of results defined according to the cancer type,
as diagnosed after surgery. Thus, the cancerous and
healthy tissue samples collected from 19 patients
were assembled into 5 groups: four groups with
benign tumor types (nodular goiter, benign thyroidi-
tis chronica, benign Huerthle cell adenoma and
benign struma nodosa) and one group with malig-
nant papillary thyroid cancer. For each receptor in
each group, the intensity of ligand binding was cal-
culated based on coloration in 256-bit grayscale
after treatment with healthy (ID

h) and cancerous tis-
sue (ID

c). Standard deviation values (SD) were also
calculated for all ID samples, collected from patients
suffering from the different types of cancers. The
low SD values in all cases indicate the high repeata-
bility of the synthesis of molecular receptors, dock-
ing of the tissue homogenates and competent bind-
ing of the reporter dye.

The most significant differences in ligand bind-
ing between cancer and healthy tissue (up to 2-fold
higher intensity) were observed in the case of tissue
homogenates from patients suffering from benign
struma nodosa. In all cases, a significantly higher
intensity of staining (ID) was observed for tumor tis-
sue homogenates.

In the case of docking with homogenate of
healthy tissue, the lowest intensity of coloration, at
ID

h = 9, was observed for molecular receptor 312A,
while the highest was for molecular receptor 309A,
at ID

h = 71. The average ID
h value for the whole

library docking with healthy homogenate was 31. In

the case of docking with homogenate from benign
struma nodosa tissue, the lowest coloration value ID

c

= 10 was observed for field 316B, while the highest
coloration value ID

c = 157 was observed for molecu-
lar receptor 205A. The average ID

c value for the
whole library treated with tumor issue was 79. The
SDs calculated from the results of triplicate binding
experiments on ID samples from patients with benign
struma nodosa were very low. The highest SD
value, at ± 1.515, was observed for field 112A, treat-
ed with healthy tissue homogenate. The lowest, SD
= 0.702, was observed for 120A, also treated with
healthy tissue homogenate. 

Differences were observed in terms of the inten-
sity with which the receptors docked cancerous and
healthy tissue homogenates. The ligands showed
greater ability to bind to normal tissue (ID

h > ID
c), and

the differences in coloration were smaller. The low-
est intensity of coloration (ID

h = 52) was observed
for field 108B, while most intense staining (ID

h =
126) was observed for molecular receptor 306A.
The mean value for all fields treated with normal,
healthy tissue homogenate was 88.8. 

For the homogenate derived from benign
Huerthle cell adenoma tissue, the lowest coloring
intensity was observed for field 116B (ID

c = 29.5).
The most intense coloration was observed for field
206A (ID

c = 103). The mean value for all fields treat-
ed with tumor tissue homogenate was 75.6. For
benign Huerthle cell adenoma, the lowest SD value
was ± 0.812 for molecular receptor 202B treated
with homogenate from healthy tissue, the highest
SD was ± 1.458 for receptor 215A. 

A similar correlation was observed in studies

with samples from patients suffering from benign

thyroiditis chronica and nodular goiter thyroid can-

cer. In both instances, staining of healthy tissues was

more intense compared to tumor-altered tissues.

For benign thyroiditis chronica homogenate
derived from healthy tissue, the lowest coloration
value was 45 for molecular receptor 115A and the
highest 147 for 309A. The average value for the col-
oration of all fields treated with homogenate from
healthy tissue was 65.4. For the tumor tissue
homogenate, the lowest value was ID

c = 11 for recep-
tor 118B and the highest ID

c = 127 for 310A. The
average intensity of staining for all fields treated
with tumor tissue homogenate was 45.0. The lowest
SD = 0.861 was for receptor 308B treated with ho-
mogenate derived from healthy tissue, and the high-
est SD = 1.487 was for receptor 201B after docking
with homogenate of healthy tissue. 

In the case of nodular goiter thyroid cancer
docking with healthy tissue homogenate, the lowest
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Figure 1. Binding pattern and intensity of coloration of selected molecular receptors treated with tissue samples collected from patients suf-
fering from: (a) benign, struma nodosa (multinodular goiter); (b) benign, H¸rthle cell adenoma; (c) benign, Thyroiditis chronica; (d) benign,
Nodular goiter; (e) malignant, Papillary thyroid cancer (A ñ refers to peptides acylated by (9Z, 12R)-12-hydroxyoctadec-9-enoic acid
residue (ricinoleic acid); B ñ acylated with octadecanoic acid residue (stearic acid)
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ID
h = 21 was for receptor 101A, while the highest ID

h

= 83 was for field 310A. The average for all the
fields treated with homogenate of healthy tissue was
50.8. The average intensity of staining for the whole
library treated with homogenate from healthy tissue
was 50.8.

For homogenate from nodular goiter thyroid
cancer, the lowest intensity of coloration was for
receptor 316B at ID

c = 25. The most intense staining
was for field 201B (ID

c = 80). The average intensity
of staining for the whole library treated with this
cancer tissue homogenate was 44.6. The lowest SD
= 0.852 was for receptor 119A treated with
homogenate derived from healthy tissue, and the
highest SD = 1.248 for receptor 113A after docking
with homogenate of healthy tissue. 

Binding between the receptors and tissue
homogenates of patients with malignant papillary
thyroid cancer was significantly weaker. The ID

value did not exceed 95 for any of the fields in the
library. More intense staining of the discs was
observed in the case of tumor tissue homogenate.
The lowest value (ID

h = 21) for discs treated with
healthy tissue homogenate was observed for recep-
tor 118B and the most intense coloration was for
field 309A (ID

h = 89). The average value for all ele-
ments of the library treated with homogenate from
healthy tissue was 58.0. In the case of docking with
homogenate from tumor tissue, the weakest col-
oration (ID

c = 30) was observed for field 118B and
the most intense coloration was observed for field
310A (ID

c = 92). The average value for the whole

Figure 1. Continued



1026 JUSTYNA FR•CZYK et al.

library treated with homogenate from malignant
papillary thyroid cancer tissue was 66.5. The lowest
SD = 0.509 was found for receptor 209A treated
with homogenate derived from healthy tissue, and
the highest SD = 1.809 for receptor 305A after dock-
ing with homogenate of the cancer tissue. 

In the next stage of our study, the molecular
receptors most capable of distinguishing abnormal
homogenates from healthy tissue were selected.
Obviously, any receptors associated with similar
values for ID

c and ID
h were considered unsuitable for

the differentiation of healthy from cancerous tissue.
Of most interest were receptors with highly differ-
entiated ID

c and ID
h values. The minimum difference

was defined as ID
c/ID

h or ID
h/ID

c > 1.5. 

The sharpest differences in color intensity were
between samples taken from patients suffering from
benign struma nodosa (multinodular goiter) (Fig. 1).
Therefore, for this tumor, it was decided to analyze
data only when the difference in color intensity
between tissues (ID

c/ID
h or ID

h/ID
c) exceeded 3 (three

times higher values for staining). Based on this cri-
terion, 37 receptors were selected (Fig. 1a), although
in 6 cases their ID varied only in terms of the struc-
ture of the lipid. The 6 structures were: 107A/B,
215A/B, 313A/B, 315A/B, 318A/B and 320A/B.
The sharpest difference in the intensity of staining
between samples of healthy and cancer tissue (14.2)
was observed for 205A (N-ricinoleyl-Val-Trp-NH-
C6H4-NH-C4H3N3O-cellulose). Eight-fold higher

Figure 2. Scatter diagram for a) receptor 318A (N-ricinoleyl-Trp-Pro-NH-C6H4-NH-C4H3N3O-cellulose); b) receptor 102A (N-ricinoleyl-
Phe-Ala-NH-C6H4-NH-C4H3N3O-cellulose) binding malignant, papillary thyroid cancer and healthy thyroid tissue homogenates collected
after biopsy from patients 6, 7, 12, 17, 19. Each point presents the median from 3 measurements
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intensity of coloration was observed in the case of
abnormal tissue compared to healthy tissue for N-rici-
noleyl-Asp-Pro-NH-C6H4-NH-C4H3N3O-cellulose
(compound 312A), whereas for compound 203A (N-
ricinoleyl-Leu-Trp-NH-C6H4-NH-C4H3N3O-cellu-
lose) color intensity was 4.5-fold higher in the case of
abnormal tissue in comparison to normal tissue. For 4
molecular receptors, the variation in the intensity of
coloration in grayscale was close to 4 (3.7, 3.8).
These constructs were all peptides lipidated with
stearic acid residue: -Trp-Pro- (318B), -Gln-Pro-
(313B), -Met-Trp- (206B) and -Asn-Ala- (114B). 

For the remaining types of benign cancers,
H¸rthle cell adenoma (Fig. 1b), Thyroiditis chronica
(Fig. 1c) and Nodular goiter (Fig. 1d), as well as for
malignant Papillary thyroid cancer (Fig. 1e), the dif-
ferences in coloration were not as high as those for
struma nodosa (multinodular goitre). Therefore, in
all cases, the data were analyzed when there was a
greater than 1.5-fold difference between the staining
of healthy and cancerous tissues. 

For benign H¸rthle cell adenoma (Fig. 1b), this
standard was fulfilled by 9 molecular receptors. The
sharpest difference in intensity (2.8-fold) was for N-
stearoyl-Arg-Trp-NH-C6H4-NH-C4H3N3O-cellulose
(219B). For N-ricinoleyl-His-Ala-NH-C6H4-NH-
C4H3N3O-cellulose (115A) and N-stearoyl-Lys-Ala-
NH-C6H4-NH-C4H3N3O-cellulose (116B), the differ-
ences in color intensity were 2.5 and 2.4, respective-
ly, but both structures showed greater ability to bind
to ligands in healthy tissue. It appears that, in the
case of benign H¸rthle cell adenoma, the key factor
for distinguishing cancer tissue from healthy tissue
is the presence of a basic amino acid residue in the
peptide fragment of the molecule receptors.
Molecular receptors containing -Leu-Ala-, -Glu-
Ala- and -Arg-Pro- N ñ lipidated by ricinoleyl resi-
due showed 2-fold higher ability to bind to ligands
in healthy tissue as opposed to abnormal tissue.

For benign thyroiditis chronica (Fig 1c), a 1.5-
fold difference between ID

h/ID
c was found in the case

of 56 molecular receptors. Ten of these differed only
in terms of the structure of the fatty acid residue:
102, 103, 106, 117, 118, 120, 214, 215, 218, 309,
318 and 320. A value for ID

h/ID
c exceeding 5 was

observed in the case of compound 118A (N-rici-
nolyl-Trp-Ala-NH-C6H4-NH-C4H3N3O-cellulose).
Smaller, but still more than 3.5-fold differences,
were observed for 117B (N-stearoyl-Pro-Ala-NH-
C6H4-NH-C4H3N3O-cellulose) and 106B (N-
stearoyl-Met-Ala-NH-C6H4-NH-C4H3N3O-cellu-
lose). For structures 301A, 306B, 309B, 318B and
320B the ID

h/ID
c ratio was only 2-fold higher. All of

these compounds contained the proline residue as a

C-terminal amino acid, while the N-terminal amino
acids were hydrophobic charge-free amino acid
residues (Ala, Met, Thr, Trp, Gly).

In the case of lesions classified based on
histopathology as benign nodular goiter (Fig. 1d),
the criterion for differentiation of healthy tissue and
cancerous tissue was fulfilled by 16 molecular
receptors. Most of these were molecular receptors
lipidated by (9Z, 12R)-12-hydroxyoctadec-9-enoic
acid (ricinoleic acid) (A) (11 structures in the A
series, and 5 compounds in the B series). The ID

h/ID
c

or ID
c/ID

h observed for N-stearoyl-Tyr-Ala-NH-C6H4-
NH-C4H3N3O-cellulose (109B), N-ricinolyl-Cys-
Trp-NH-C6H4-NH-C4H3N3O-cellulose (207A) and
N-stearoyl-Lys-Pro-NH-C6H4-NH-C4H3N3O-cellu-
lose (316B) were differentiated by a factor of 2.

As shown in Figure 6e, in the case of malignant
papillary thyroid cancer the ID

c/ID
h of 13 molecular

receptors was differentiated by a factor of at least
1.5. In all cases, the intensity of coloration was high-
er for cancer tissue. The sharpest differences in colora-
tion (at least 2-fold higher) were observed for N-stearoyl-
Tyr-Ala-NH-C6H4-NH-C4H3N3O-cellulose (109B), N-
stearoyl-Asp-Ala-NH-C6H4-NH-C4H3N3O-cellulose
(112B) and N-stearoyl-Arg-Pro-NH-C6H4-NH-
C4H3N3O-cellulose (319B). In these 3 selected struc-
tures, none of the peptides contained tryptophan
residue (aromatic amino acid) as a C-terminal amino
acid, so it seems that the presence of a small
hydrophobic amino acid is optimal for interaction
with ligands. This seems to be generally true for this
malignant tumor because in the pool of 13 selected
molecular receptors only 2 contained tryptophan in
the C-terminal position (204B and 210B). Given the
structure of the N-terminal amino acid residue of the
peptide fragment in the three selected structures,
(109B), (112B) and (319B), it seems that the key
factor is the capacity to form hydrogen bonds with
interacting ligands. In this position were, respective-
ly, tyrosine, aspartic acid and arginine residues. 

From the point of view of practical utility, the most
interesting molecular receptors are those with the abil-
ity to differentiate cancerous tissue from healthy tissue
in all patients suffering from a particular type of can-
cer. Finding such structures would enable the prepara-
tion of a diagnostic test that could be used directly in
the operating field (on-line analysis), improving deci-
sion-making during surgical interventions. Such a
diagnostic tool would provide an additional test, sup-
plementing standard histopathological analysis. With
this aim in mind, a statistical analysis was performed
on the staining data obtained from samples of tumor-
ous and healthy tissue from 5 patients suffering from
malignant papillary thyroid cancer. 
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The Studentís t-test for independent variables and
the Studentís t-test for dependent variables were used
to find the differences between the means of the sam-
ples, and to establish the causal relationship. If there
were differences between the measured mean values,
then it could be assumed that the meanings were relat-
ed to qualitative changes. This is the decisive factor
for division into groups. The Studentís t-tests revealed
two structures that differentiated the homogenate of
healthy tissue from diseased tissue homogenate and
diagnosed most effectively the 5 cases of malignant,
papillary thyroid cancer (Figs. 2a and b).

The best differentiation between healthy and
cancer tissue of patients suffering from malignant,
papillary thyroid cancer was found for 102A (N-rici-
noleyl-Phe-Ala-NH-C6H4-NH-C4H3N3O-cellulose),
with a confidence interval of p < 0.05. The fact that
ID

h > ID
c indicates that the receptors bind more effi-

ciently to markers present in healthy tissue than to
the cancerous tissue homogenate, while more abun-
dant markers are characteristic for cancer.

CONCLUSIONS

Given the numerous studies and large quantities
of data documenting the differing composition of
healthy and cancerous tissues, building a library of
molecular receptors has vast potential as a new
diagnostic tool. The diversity between particular
cancer types includes metabolomic variation and
other divergences caused by the composition of the
individual metabolites of patients. In our study, even
with a randomly-designed library of molecular
receptors, it was possible to select two binding
pockets: 318A (N-ricinoleyl-Trp-Pro-NH-C6H4-NH-
C4H3N3O-cellulose) and 102A (N-ricinoleyl-Phe-
Ala-NH-C6H4-NH-C4H3N3O-cellulose) as valuable
for diagnosing malignant papillary thyroid cancer.
Although the complex nature of the responses
caused significant problems with data-mining, the
approach paves the road for personalized diagnos-
tics and is highly promising from the point of view
of monitoring the progress of cancer therapy.
Moreover, this approach offers the possibility of
developing a less invasive diagnostic method, using
of readily accessible bodily fluids (urine, saliva,
blood). Further research is already underway to
identify structures of bounded ligands and those
eliminate the main weakness of proposed method.
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