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Abstract. Background/aim: Fluorescent gold nanoparticles
demonstrate strong photoluminescence, photostability, and low
cellular toxicity, making them attractive agents for biomedical
applications. Mechano-growth factor (MGF) is an isoform of
IGF 1 and its expression has been demonstrated in malignancies
including prostate cancer. Materials and Methods: Near-
infrared-emitting gold nanoparticles (AuNPs) were synthesized
and conjugated to MGF. Following characterization and
confirmation of conjugation, these AuNPs were used to
investigate the expression of MGF in colon cancer cell lines
(HT29 and SW620) and tissues comparing normal and colon
cancer. The prostate cancer cell line PC3 and adenocarcinoma
tissues were used as positive controls. Results: Colon cancer
cell lines, adenocarcinoma tissues and polyp tissues
demonstrated evidence of MGF peptide expression, which was
not found in normal colon tissues and human umbilical vein
endothelial cells. Conclusion: MGF appears to be
overexpressed in colon cancer tissues, offering a potential
unique target for imaging and drug delivery in colon cancer.

Colorectal cancer is the third most commonly diagnosed
cancer in males, and the second in females worldwide with
an estimated 1.096 million new cancer cases and 551,269
deaths in 2018 (1). The overall 10-year survival rates for
patients with colorectal cancer, estimated by Cancer
Research UK, was 58.7% in the United Kingdom in the
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2010-11 (2). Early diagnosis, as common to most
malignancies, offers the best chance of long-term cure.
Research into improving outcomes in colorectal cancer
include better screening tests for early diagnosis and
improving the efficacy of chemotherapy agents. This
includes identifying proteins overexpressed by colorectal
cancer cells which are not expressed by normal tissues,
which would offer avenues for targeted drug delivery.

Mechano-growth factor is an isoform of insulin-like
growth factor-1 (IGF1) which is generated from the splicing
of exons 4,5 and 6 of the IGFI gene (3). It was initially
demonstrated to be up-regulated in skeletal muscle after
exercise and injury, and has subsequently been identified to
have other physiological roles in neuroprotection in the
setting of brain ischaemia, promoting cartilage regeneration
at sites of damaged cartilage, and protection of cardiac tissues
in ischaemia (4-7). Its role in cancer pathogenesis was
recently investigated and initially confirmed in prostate
cancer by work performed by the Department of
Experimental Physiology at the University of Athens
confirming that prostatic adenocarcinoma tissues demonstrate
higher expression of MGF compared to normal prostate
tissues and intra-epithelial neoplasia (8). Other malignancies
identified to be likely overexpressing MGF include
osteosarcomas and neuroendocrine tumours (9-11).

Fluorescent gold nanoparticles (AuNPs) demonstrate strong
photoluminescence, photostability and good biocompatibility
at nanometer dimensions (12). Such nanoparticles have been
demonstrated to exhibit stronger emission intensity and
photostability compared to fluorescent dyes, and do not have
the inherent cytotoxicity of semi-conductor quantum dots (12,
13). These features make AuNPs an attractive option as
diagnostic agents and potentially therapeutic roles through
thernostatics (14, 15).

We describe the synthesis of gold quantum dots along with
their functionalization and conjugation with MGF antibody.
Using this antibody, we investigated the expression of the
MGEF peptide in colon cancer using cell lines and tissues.
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Materials and Methods

Reagents. All chemicals were of analytical grade. Mercaptosuccinic
acid (MSA), gold (III) chloride trihydrate (HAuCl,®3H,0),
dimethyl formamide (DMF), N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC) were purchased from
Sigma—Aldrich (Sigma-Aldrich Company Ltd, Poole, Dorset, UK).
In all preparations, high purity deionised water from a Millipore
system was used.

Synthesis of MSA-stabilized AuNPs. The method used in this study
involved a one-pot method to obtain visible fluorescent AuNPs as
previously described (16). The precursor solution was prepared with
a mixture of MSA (50mM) and HAuCl4 (25 mM) in 50 ml of
deionised water. After vigorous stirring of the precursor mixture for
5 min, using a homogenizer at maximum speed, 500 pl (12.9 M)
dimethyl foramamide (73.09 g/mol) was added to the mixing
precursor solution for another 5 min at room temperature. This
mixture was processed by hydrothermal treatment (autoclave) at
121°C for 25 min to produce quantum confined MSA—AuNPs with
near-infrared emission at 800 nm on cooling to room temperature.
The final product excited at a range from 375 nm to 630 nm
produced a fluorescent peak at 800 nm.

Gold nanoparticle characterization. The fluorescence spectra of the
AuNPs and its conjugations were recorded to ensure that the
emission fluorescence was not quenched in order to use them for
different biomedical applications. Fluorescence spectra were taken
by a spectrofluorometer with an excitation source at 488 nm.

Transmission electron microscopy (TEM) (Phillips CM 120;
Phillips, London, UK) was used for visualisation and to determine
the size of AuNPs. To determine the size and shape of the coated
AuNPs, a set of 1:100 serial dilutions were made of coated QDs
with PBS and the optimum dilution was chosen. A drop of the
samples was mounted on to a Piloform (TAAB) coated G300HS
copper electron microscopy grid (Gilder Grids Ltd, Grantham,
Lincolnshire, UK) and allowed to air dry. The grids were examined
with by TEM at 3.0x105 magnification (data not shown).

Preparation of antibody to MGF conjugated to AuNP/MSA (anti-
MGF-AuNPs). Fluorescent MSA-AuNP solution was diluted with
equal volume of cold ethanol and centrifuged at 10,000 x g for 30
minutes. The precipitated MSA-AuNPs were vacuum-dried to
obtain a powder. The precipitated dried MSA-AuNPs
(approximately 1 mg) were re-suspended in 1 ml PBS. MSA-
AuNP solution (1 ml) was conjugated to the anti-MGF (Merck
Millipore, Burlington, MA, USA) using EDC as an acylating
agent. Briefly, 200 ul MSA-AuNP solution (1 mg/ml) was mixed
with 200 pl EDC (1 mg/ml) in water for 30 minutes at room
temperature. Anti-MGF solution (100 pl of 5 mg/ml) in PBS was
added to the activated mixture and agitated gently for 1 hour at
room temperature. To separate the reagent and unconjugated
MSA-AuNPs, membrane centrifugal columns (Centricon, Thermo
Fisher Scientific, Waltham, MA, USA) were used with a cut off-
of 100 kDa with UV monitoring at 280 nm of the retained
samples. Further validation of conjugation of the anti-MGF-AuNP
was carried out using immunochemistry against the synthetic
peptide via immunodots. The purified bio-conjugated
nanoparticles defined as anti-MGF-AuNPs were collected and
stored at 4°C until further use.

1706

Dot-blot confirmation of anti-MGF conjugation to AuNPs. Dot-blot
confirmation of functioning MGF antibody bound to AuNPs was
performed as follows. Five microlitres of a 1:1,000 dilution of the
synthetic MGF peptide (1 mg/ml) in PBS were spotted separately at
three serial dilutions onto aqueous equilibrated polyvinylidene
difluoride membrane (Hybond P; Amersham Pharmacia Biotech,
Bucks, UK) and allowed to dry at room temperature along with a
scrambled peptide sequence as a control. On drying, the membrane was
rinsed briefly in PBS with 0.05% Tween 20 (PBS/T; pH 7.4) and was
incubated overnight at room temperature in 2% bovine serum albumin
with 0.005% sodium azide to block any residual binding sites on the
membrane. After blocking incubation, the membrane strip was rinsed
in PBS/T (5x1-minute washes). The second incubation was carried out
in the presence of the anti-MGF conjugated to AuNPs at 1:1,000 for 1
h at room temperature with gentle shaking. The membrane strip was
rinsed in PBS/T (5x1-minute washes). The third incubation was with
anti-rabbit antibodies conjugated to horse radish peroxidase (Amersham
ECL Rabbit IgG, HRP-linked whole donkey Ab, from GE Healthcare
Life Sciences, GE Healthcare UK Limited, Amersham Place,
Buckinghamshire, UK) (anti-rabbit-IgG, 1:5000) for 1 hour with gentle
shaking. This third incubation was to confirm conjugation (anti-MGF-
AuNPs) and simultaneously the specificity to the peptide antigen
(MGF). The strip was finally washed in PBS/T (5x5-minute washes).
The membrane was then used for chemiluminescence to detect the
presence of the conjugated anti-MGF-AuNPs.

Cells. The cell lines were purchased from the European Collection
of Cell Cultures (ECACC, Sigma-Aldrich Company Ltd, Poole,
Dorset, UK). All cell cultures were routinely propagated in standard
growth conditions (37°C, 5% CO,). Cancer cell lines SW 620 (colon
cancer), HT-29 (colon cancer) and PC3 (prostate cancer) were all
maintained in Dulbecco’s modified Eagle’s medium (with 1 mM
pyruvate, 2 mM glutamine and 10 mM HEPES) supplemented with
10% foetal bovine serum (FBS), 100 IU penicillin and 100 mg/ml
streptomycin. Human umbilical vein endothelial cells (HUVECsS;
Sigma-Aldrich Company Ltd.) were maintained in Prom°Cell
endothelial cell growth medium with supplement mix (Prom’Cell
GmbH, Germany) and 5% FBS with growth factors.

After 24 hours of incubation at 37°C in 5% CO,, the cells were
washed with PBS and fixed with 4% paraformaldehyde solution for
1 hour at room temperature. These were then washed three times
with PBS and incubated with anti-MGF AuNPs in PBS with 0.6%
bovine serum albumin for 1 hour and then washed three times with
PBS. Negative control was performed by using unconjugated
AuQDs in exchange for anti-MGF-AuNPs.

Tissues. Frozen sections of colorectal cancer tissues, normal colon
tissues and prostate cancer tissues fixed in cold acetone were
purchased from AMS Biotechnology (Europe) Ltd. (Milton,
Abingdon, UK). Prostate cancer tissues were chosen as positive
controls due to established findings in the literature for the
overexpression of MGF in prostate cancer compared to normal
prostate tissues (17). These tissues were incubated with the anti-
MGF-AuNPs in PBS with 0.6% bovine serum albumin for 1 hour and
then washed three times with PBS. Negative control was performed
by using unconjugated AuNPs in exchange for the anti-MGF-AuNPs.

Laser scanning confocal fluorescent microscopy. Images of the cells
and tissues were acquired by fluorescent microscopy (Olympus BX
63; KeyMed House, Southend-on-Sea, UK) which can operate in
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Figure 1. Emission spectra of mercaptosuccinic acid-conjugated gold
nanoparticles (AuNPs) alone and conjugated to antibody to mechano-
growth factor (MGF). Peak photoluminescence of AuNPs was 800 nm
excited at 488 nm.

fluorescence, reflection and phase-contrast modes, and it was
provided with high transmission objectives with reduced
autofluorescence. Fluorescent image acquisition was conducted via
LED light source excitation at 620 nm with emission long-pass filter
at 700 nm with image processing with Olympus cellSens software
(KeyMed House). All the near-infrared images acquired are
displayed in pseudocolour (red) format.

Results

Gold nanoparticle characterisation. Optical characterisation
of the synthesised unconjugated AuNP, and the anti-MGF-
AuNP using spectroscopy is demonstrated in Figure 1. TEM
of the MSA-AuNPs indicated an average core diameter of 2
nm as previously reported by our Institution (18).

Dot-blot analysis of conjugated anti-MGF-AuNPs. The
findings from our dot-blot experiment is demonstrated in
Figure 2. The three dots from left to right were from serial
dilutions of the MGF peptide, and the fourth dot was a control
peptide. The findings demonstrated decreasing luminescence
with decreasing concentration of the MGF peptide, with the
absence of luminescence in the control scrambled peptide.
This confirmed conjugation of the MGF antibody to the
AuNPs and its specificity in binding to the MGF peptide.

Anti-MGF-conjugated AuNPs bind to colon cancer cell lines.
On viewing the cells under confocal microscopy, the positive
control PC3 cell line demonstrated uniform binding of the
anti-MGF-AuNPs (Figure 3A), while the negative control
HUVECs did not demonstrate any evidence of binding of
anti-MGF-AuNPs (Figure 3B). Both SW620 and HT29 colon
cancer cell lines demonstrated uniform fluorescence,
confirming binding to anti-MGF-AuNPs, as illustrated in
Figure 3C and D.

Figure 2. Dot blots representing a decreasing dilution series of
mechano-growth factor peptides. The third dot corresponds to the lowest
concentration used. The fourth dot represents a control peptide
(scrambled sequence).

Anti-MGF-conjugated AuNPs bind to colon cancer tissues.
The anti-MGF-conjugated AuNPs were identified to localise
to the epithelial cell lining of the positive control prostate
cancer tissues (Figure 4A). The normal colon tissues did not
demonstrate any evidence of binding to anti-MGF-
conjugated AuNPs, with no fluorescence identified, as
illustrated in Figure 4B. The colon polyp and cancer tissues
demonstrated epithelial localisation of anti-MGF-conjugated
AuNPs as illustrated in Figure 4C and D.

Discussion

We successfully designed AuNPs via an aqueous synthesis
route by reducing gold salt with DMF and MSA rendering it
water-soluble. This was synthesised via a one-pot synthesis
route as recently described in the literature by our Institution
(16, 18). EDC was used as an acylating agent to form
covalent bonds between the MGF antibody and AuNPs. EDC
was used to activate the carboxyl group in the MSA and
thereafter conjugate to the amine groups on the MGF peptide
and MGF antibody. Confirmation of this conjugation process
was demonstrated with the use of dot blots. The absorbance
spectrum of the anti-MGF-AuNP was 375 to 630 nm with a
fluorescent peak at 800 nm in the near infra-red region which
is important for deep-tissue penetration and is beyond the
emission peak of the auto-fluorescence of epithelial tissues,
which has been demonstrated to be around 550 nm (19).
Prostate cancer tissues and the PC3 prostate cancer cell line
were used as a positive controls following the work by the
Department of Experimental Physiology at the University of
Athens for the past few years demonstrating the overexpression
of MGEF in prostate cancer (8, 17, 20, 21). The anti-MGF-
AuNPs demonstrated uniform fluorescence in the PC3 cell line,
with no fluorescence demonstrated in HUVECs, which we
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Figure 3. Fluorescent images acquired using confocal microscopy of cells after application of mercaptosuccinic acid-conjugated gold nanoparticles
conjugated to antibody to mechano-growth factor. Left column: Differential interference contrast image. Right column: Near infra-red image. A:
PC3 cell line (positive control). B: Human umbilical vein endothelial cells (negative control). C: HT29 cell line. D: SW620 cell line. Magnification

x4, bars=100 um.

used as a negative control. We used HUVECs as a negative
control since previous studies had identified that endothelial
cells, not stimulated by external growth factors, expressed
minimal IGF1, including HUVECs (22, 23). Following this,
we applied anti-MGF-AuNPs to fixed HT29 and SW620 cells,
with both cell lines demonstrating good fluorescence following
application of the anti-MGF-AuNPs and no fluorescence
following application of unconjugated AuNPs.
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The anti-MGF-AuNPs bound to prostate cancer tissues in
the epithelial lining as illustrated in Figure 4A, while
unconjugated AuNPs did not demonstrate any signals. This was
similar to the immunohistochemistry images demonstrating
MGF expression in prostate cancer tissues by Savvani et al.
(8). Colon cancer tissues demonstrated anti-MGF-AuNPs
bound to the epithelial layer of tissues, while normal colon
tissues did not demonstrate any fluorescence. Colonic polyp
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Figure 4. Fluorescent images acquired using confocal microscopy of tissues after application of mercaptosuccinic acid-conjugated gold nanoparticles
conjugated to antibody to mechano-growth factor. A: Positive control prostate cancer tissues. B: Normal colonic tissue. C: Colonic polyp. D: Colonic
adenocarcinoma. Left column: Differential interference contrast image. Right column: Near infra-red image. Magnification x20, bars=100 um.

tissues demonstrated similar findings to the colon cancer
tissues, with the anti-MGF-AuNPs binding to the epithelial
layer of the polyp tissues. Our findings suggest that MGF is
expressed by colon cancer and colonic polyps, and not by
normal colon tissues. Colonic polyps are known precursor
lesions for colon cancer via the adenoma—carcinoma sequence,
and the expression of MGF peptide in these lesions indicates
that the expression of MGF is an early event in carcinogenesis.

We describe the production of water-soluble
functionalised anti-MGF-AuNPs which were used to
investigate the expression of MGF peptide in colon
cancer. Our findings suggest that MGF peptide is
expressed by colon cancer cells, tissues and colonic
polyps, and not expressed by normal colon tissues and
therefore MGF can be utilized as a potential target for
drug-delivery agents.
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