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Abstract

The utilization of contrast agents in magnetic resonance imaging (MRI) has become increasingly important in clinical
diagnosis. However, the low diagnostic specificity of this technique is a limiting factor for the early detection of tumors.
To develop a new contrast agent with a specific target for early stage tumors, we present the synthesis and characterization
of a nanocontrast composed of gold nanoparticles (AuNPs), gadopentetic acid (Gd-DTPA), and epidermal growth factor
(EGF). Carbodiimide-based chemistry was utilized to modify Gd-DTPA for functionalization with AuNPs. This resulted in
the formation of the Au@Gd-EGF nanocontrast. The relaxation rate (1/T1) of the nanocontrast was analyzed using MRI,
and cytotoxicity was determined based on cell viability and mitochondrial activity in a human breast adenocarcinoma cell
line. Fourier-transform infrared spectroscopy analysis confirmed the effectiveness of carbodiimide in the formation of the
Gd-DTPA-cysteamine complex in the presence of bands at 930, 1042, 1232, 1588, and 1716 cm™!. The complexes exhibited
good interactions with the AuNPs. However, the signal intensity of the Au@ Gd-EGF nanocontrast was lower than that of the
commercial contrast agent because the r1/r2 relaxivities of the Gd-DTPA-based contrast agents were lower than those of the
gadoversetamide-based molecules. The Au@Gd-EGF nanocontrast agent exhibited good biocompatibility, low cytotoxicity,
and high signal intensity in MRI with active targeted delivery, suggesting significant potential for future applications in the
early diagnosis of tumors.
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1 Introduction tissues [1, 2]. In addition, the most commonly used contrast

agents in MRI are gadolinium-based (Gd**), which have

Imaging techniques are important tools for the clinical diag-
nosis of diseases such as cancer. Magnetic resonance imag-
ing (MRI) has been widely employed owing to its excep-
tional properties such as the absence of ionizing radiation,
high spatial resolution, and high diagnostic sensitivity. How-
ever, the low diagnostic specificity of this technique requires
the use of contrast agents to enhance detection, improve
image quality, and differentiate normal from pathological
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a high magnetic moment that results in a positive contrast
and enhances the image signal in the T1-weighted pulse
sequence (longitudinal relaxation time). The Gd3 + metal ion
has seven unpaired electrons in the ground state that provide
a large magnetic moment and increase the electronic relaxa-
tion time, which is potentially useful for nuclear relaxation
in MRI [3, 4]. The free form of Gd>* is toxic to humans;
therefore, the use of chelates is essential for the produc-
tion of biologically stable Gd complexes [5, 6]. Moreover,
these molecules have disadvantages, such as low relaxivity,
unsatisfactory image enhancement, fast elimination from the
circulatory system, and low specificity owing to their small
molecular sizes. The use of high doses to overcome these
limitations can lead to in vivo toxicity. Hence, the develop-
ment of new contrast agents capable of overcoming these
limitations is necessary [1].
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Nanotechnology combined with diagnostic medicine is a
promising alternative for tumor detection. Among the nano-
materials used in the medical field, gold nanoparticles are
extremely relevant because they exhibit properties such as
low cytotoxicity, biocompatibility, easy structural modifica-
tion, and functionalization with different biological mole-
cules, peptides, proteins, or small-binding molecules, allow-
ing for the development of nanomaterials that target specific
molecules [7, 8]. Active targeting of peripheral ligands by
gold nanoparticles (AuNPs), as in the case of biomolecules
expressed on the surface of malignant cells, has become an
important tool for detecting difficult-to-diagnose tumors [9,
10].

Epidermal growth factor receptor (EGFR) is a trans-
membrane protein that is overexpressed in several types of
cancers, including breast, ovarian, prostate, bladder, colo-
rectal, lung, and head and neck cancers [10]. This protein
is expressed in over 60% of triple-negative breast tumors,
which are associated with a worse prognosis, early recur-
rence after standard chemotherapy, a high frequency of
metastasis to the lung, liver, and brain, and a low overall
survival compared to other breast cancer subtypes. Further-
more, triple-negative breast tumors exhibit aggressive clini-
cal behavior are refractory to current targeted therapies, and
have a high rate of cell proliferation [11]. Considering that
EGEFR is activated by specific extracellular ligands such as
the epidermal growth factor (EGF) protein, dimerization
generates intracellular signals that are transduced through
molecular processes, activating a signaling cascade and gene
transcription. Activation of this pathway enhances cell func-
tion, which is associated with a high proliferative index, cell
differentiation, and poor prognosis [12]. Thus, EGFR is an
important marker for the molecular classification of tumors
and can be used in targeted therapies.

Furthermore, to improve diagnostics using imaging tech-
niques for early stage breast cancer, this study aimed to syn-
thesize and characterize a novel nanocontrast agent specific
to tumors overexpressing EGFR. The Au@Gd-EGF nano-
contrast consisted of EGF protein and gadolinium complexes
functionalized in AuNPs. Gadolinium-based contrast agents
are actively targeted and transported by AuNPs through the
EGF and have been used as alternative nanocontrast agents
in MRIL

2 Material and methods

2.1 Formation of the complexes

Carbodiimide chemistry was used to modify the EGF
(E9644, Sigma Aldrich, St. Louis, USA) and gado-

linium diethylenetriaminepentaacetic acid (Gd-DTPA;
381667, Aldrich Chemistry, St. Louis, USA), in which the

@ Springer

carboxylic group present in these molecules reacts with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) to form an active intermediate, O-acyli-
sourea, which can stabilize after reacting with primary
amino groups, forming a peptide bond. The complexes
formed with short-chain thiols exhibited excellent bind-
ing affinity to AuNPs through the formation of sulfur-
metal bonds (Au-S). The EGF-a-lipoic acid complex was
prepared according to the procedure reported by Lucas
et al. [12]. In summary, EGF was bonded to a-lipoic acid
(T5625, Sigma Life Science, St. Louis, USA) using EDC
(03450, Fluka Analytical, St. Louis, USA) and the sodium
salt of N-hydroxysulfosuccinimide (sulfo-NHS, 56485,
Aldrich Chemistry, St. Louis, USA). In the carbodiimide
reaction, the following molar ratios of reactants were used:
120 a-lipoic acid (7.8 mM), 3200 sulfo-NHS (187.5 mM),
1300 EDC (83.5 mM), and 1 EGF (16 uM), following the
manufacturer’s standard guidelines. In addition, a-lipoic
acid and sulfo-NHS were mixed according to stoichiomet-
ric ratios and added to a 10 mM phosphate buffer solution
containing EDC. After allowing the reaction to proceed
for 30 min at room temperature, an NHS-ester intermedi-
ate was formed. The EGF protein (pH 7.4) was added to
the reaction to form EGF-a-lipoic acid for 2 h. Sodium
hydroxide (NaOH, S5881, Sigma Aldrich, St. Louis, USA)
was added to raise the pH of the solution to a level above
pH 9.0, regenerating the carboxylic acid groups in a-lipoic
acid. The reaction mixture was purified using Amicon
Ultra—0.5 mL Centrifugal Filters (UFC500324, Merck
Millipore Ltd., Tullagreen, Carrigtowohill, Co. Corl,
IRL), forming the EGF-a-lipoic acid complex (data was
not available) [13].

The stability of the contrast agent is directly related to its
chemical structure and ionic stability. Therefore, Gd-DTPA,
a linear and ionic contrast agent, was used to form a complex
with the carboxylic groups that were activated by EDC to
bind to the primary amine group of cysteamine (M6500,
Sigma Life Science, St. Louis, USA) (Fig. 1). The follow-
ing molar ratios of the reactants were used: 1 Gd-DTPA,
25 sulfo-NHS, 10 EDC, and 3 cysteamine, following the
manufacturer’s standard guidelines. Thus, 19.2 pL of Gd-
DTPA (14 mmol L™") was mixed with 66.0 uL of sulfo-NHS
(187.5 mmol L") and 60.0 uL of EDC (83.5 mmoL L"),
and the solution was stirred for 30 min. Cysteamine (9 mmol
L") was added to the NHS-ester intermediate to form the
Gd-DTPA-cysteamine complex under constant stirring and
pH 7.4. After 2 h, NaOH (0.1 M) was added to raise the pH
of the solution above pH 9.0, and the mixture was stirred for
an additional 30 min to neutralize the byproducts such as
urea. The complex was purified for 6 days by dialysis using
a membrane with a porosity of 0.5 kDa (131090 T, Spec-
tra/Por®, Spectrum Laboratories, Inc., CA, USA). Ultra-
violet (UV)-visible and Fourier-transform infrared (FTIR)
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Fig. 1 Schematic representation
of the modification of Gd-
DTPA via carbodiimide

Gd-DTPA

1.Sulfo-NHS
2.EDC
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pH6.2 ; RT

Cysteamine

spectroscopies were used to characterize the Gd-DTPA-
cysteamine complex.

2.2 Synthesis of the Au@Gd-EGF nanocontrast

AuNPs with an average diameter of approximately 24 nm
were synthesized via citrate reduction using the Lee and
Meisel method [14]. Therefore, 240 mg of gold chloride
trihydrate (254169, Aldrich Chemistry, St. Louis, USA) in
500 mL of ultrapure water was reduced and stabilized with
1% sodium citrate (S1804, Sigma Aldrich, St. Louis, USA)
at 100 °C under constant stirring for 1 h [14, 15]. The Au@
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Gd-EGF nanocontrast was synthesized using the EGF-a-
lipoic acid and Gd-DTPA-cysteamine complexes and func-
tionalized on the AuNPs surface (Fig. 2). First, the EGF-
a-lipoic acid complex was added to the colloidal solution
and stirred for 24 h at room temperature. The Gd-DTPA-
cysteamine complex was then added, and the solution was
stirred constantly. After 48 h, 1 mL of the Au@Gd-EGF
nanocontrast was purified by centrifugation at 6000 rpm for
6 min. The supernatant was discarded, 1 mL ultrapure water
was added to the precipitate, and the nanocontrast solution
was centrifuged again. The final Au@Gd-EGF pellet was
diluted in ultrapure water and stored in amber bottles at 4 °C

Fig.2 Schematic representation of gold nanoparticle functionalization with EGF and Gd-DTPA-cysteamine complex to form the Au@Gd-EGF

nanocontrast
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for characterization by UV-visible spectroscopy, dynamic
light scattering (DLS), and FTIR spectroscopy.

2.3 UV-visible spectroscopy

UV-visible analyses were made on a DeNovix DS-11 spec-
trophotometer (DeNovix Inc., USA) at 190-840 nm with a
resolution of 1 nm and 1 cm optical path length using 2 uLL
of each sample to characterize the AuNPs and Au@Gd-EGF
nanocontrast.

2.4 Fourier-transform infrared spectroscopy

A 20 pL droplet of each sample was deposited on a cal-
cium fluoride (CaF,) substrate and dried in a vacuum for
30 min. FTIR spectra were obtained using a Spectrum 400
imaging system with a spotlight microscope (Perkin Elmer
400, USA) coupled to a purge system. A total of 10 spectra
were collected per sample, and the acquisition parameters
were 32 scans at 4 cm™! resolutions and a spectral range of
4000-900 cm™~!. OPUS software version 4.2 was used for
statistical analysis to characterize the Gd-DTPA-cysteamine
complex and Au@Gd-EGF nanocontrast.

2.5 Dynamic light scattering

The hydrodynamic diameters and stabilities of the AuNPs
and Au@Gd-EGF nanocontrasts were measured using a
Zetasizer Nano ZS90 instrument (Malvern Instruments,
UK). A volume of 200 pL from each sample was added
to the disposable UV microcuvette, and the parameters for
size analysis were set at 21 °C, a refractive index of 1.590,
and a scattering angle of 90°. The zeta potential was ana-
lyzed using 1 mL of the sample in a capillary cuvette with a
DTS1070 electrode (Malvern Instruments, UK). Values were
calculated as the average of three independent replicates for
each set of samples.

2.6 MRI

The performance of the Au@Gd-EGF nanocontrast in MRI
was compared with that of the benchmark formulation,
OptiMARK® (Guerbet, Liebel-Flarsheim Company LLC,
Raleigh, NC, USA). The samples were placed in polystyrene
flasks and images were collected using a Sigma HDxt 1.5 T
(GE Healthcare, USA) MRI with a skull coil and fast spin-
echo T1-weighted imaging with fat saturation. The MRI
parameters were as follows: axial scanning plane, inversion
time (TT) = 100400 m in increments of 20 m; repetition time
(TR), 417 m; echo time (TE), 12 m; matrix size, 256 X 256;
slice thickness, 3 mm; and field of view (FOV), 21 mm.
The longitudinal relaxation (R1) times were obtained using
Eq. (1), where signal intensity (SI) (TI) denotes the average
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SI as a function of TI, SI;; is the SI of the spin system in
thermal equilibrium, and k is the cosine of the excitation
angle of the inversion pulse [16]. The relaxation value of R1
was constructed as 1/longitudinal relaxation time (1/T1, s7h
versus the Gd concentration [16].

SI(TI) = |SI [1--k- e—TI/Tl” W

inf

2.7 Analysis of Au@Gd-EGF nanocontrast
cytotoxicity

Mitochondrial activity and cell viability assays were per-
formed to determine the cytotoxicity of the Au@Gd-EGF
nanocontrast on a human breast adenocarcinoma cell line
(MDA-MB-468, Rio de Janeiro Cell Bank, Brazil). In each
experiment, 1 x 10° cells were seeded in 96-well plates and
allowed to attach for 24 h. Different concentrations were
applied at 0.1 mg mL™!, 0.5 mg mL~!, and 1.0 mg mL~!,
and the control cells received only culture medium. The
plate was incubated for 24 h at 37 °C in a humidified atmos-
phere containing 95% air. The 2 mg mL™" tetrazolium salt
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] (MTT; M2128, Sigma Life Science, St. Louis, USA)
solution was added to the cell plate and incubated for 4 h at
37 °C to form formazan crystals, and the absorbance was
analyzed using SpectraCount™ (BS10001, Packard BioSci-
ence Company, USA). To perform the cell viability analy-
sis, the cells were stained with 0.4% trypan blues solution
(T6146, Sigma Life Science, St. Louis, USA) for 5 min and
washed twice with 200 pL f saline (PBS; P3813, Sigma
Aldrich, St. Louis, USA) at 0.01 M. Images were acquired
using Future WinJoe version 1.0.7.9, with an inverted micro-
scope NIB-100 (Bel Equipamentos, Piracicaba, SP, Brazil).
Data were statistically analyzed using GraphPad Prism 8.0.1
software. One-way ANOVA variance was used to evaluate
the effects of different variables with Tukey’s multiple post
hoc comparisons (p <0.05).

3 Results

The formation of the Gd-DTPA-cysteamine and EGF-a-
lipoic acid complexes through carbodiimide chemistry
allowed functionalization of AuNP by the thiol radical,
which led to the formation of the Au@Gd-EGF nanocon-
trast. FTIR spectroscopy was used to analyze changes in
the molecular structure after the carbodiimide reaction.
However, the byproducts of the reaction induced the
agglomeration of AuNPs (Fig. 3a, blue microtube) and
obscured the true absorption bands of the complex, hinder-
ing the production of the nanocontrast, thereby requiring
complex purification. Dialysis was performed to purify
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the Gd-DTPA-cysteamine complex. The FTIR analy-
ses showed a spectral difference between the produced
complex and the purified complex (Fig. 3a), in which the
byproducts of the reaction masked the real characteristic
bands of the purified Gd-DTPA-cysteamine complex, cor-
roborating the UV-visible spectroscopy analyses (Fig. S1)
and revealing the presence of the reagents in the absorp-
tion region of 269 nm, which is typical of EDC, sulfo-
NHS, and byproducts.

The characteristic spectrum of the purified complex
consists of overlapping absorption bands of Gd-DTPA and
cysteamine. Compared with the Gd-DTPA + cysteamine
mixture, there were additional vibration modes in the FTIR
spectrum that were indicated by the presence of bands at

) of purified Gd-DTPA-Cysteamine

930, 1042, 1232, 1588, and 1716 cm™". These results con-
firmed the chemical modification of Gd-DTPA (Fig. 3b).

The FTIR spectra presented in Fig. 4 confirmed the func-
tionalization of the Gd-DTPA-cysteamine complex and the
EGF-a-lipoic acid complex with the AuNPs to form the
Au@Gd-EGF nanocontrast.

The contributions of these bands were calculated
via spectral deconvolution using Gaussian curve fitting
(Fig. 4a), as shown in Table 1. Data of the EGF-a-lipoic
acid complex were previously recorded by Castilho et al.
[10] (data not shown). The characteristic vibrational modes
of the Gd-DTPA-cysteamine complex (Fig. 3b) and Au@
Gd-EGF nanocontrast (Fig. 4b), as revealed by the second-
derivative, were observed in the low-frequency spectra of
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Fig.4 FTIR spectra of the Au@Gd-EGF nanocontrast. a Spectral deconvolution results of curve fitting; b second-derivative ( )
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Table 1 Vibrational assignment

e Wavenumber, Wn (cm™)
by the second-derivative of the

Vibrational modes assignments

Au@Gd-EGF nanocontrast and Au@Gd-EGF nanocontrast

Gd-DTPA-cysteamine

Gd DTPA-cysteamine complex -
Exp. data Wn &A

do?

Gaussian fit

Exp.dataWn &4

do?

Wn Area
1788 1789 v (C=0) [17]
1742 1733 1.39 4 (C=0) [18]
1716 1718 5 (C=0) [19]
1660 1669 4.23 Amide I [20]
1642 1637 1635 15.94 1637 1637 6 (C=0) [19]
1578 1574 v (C=0), v (N-H) [17-20]
1556 1554 1551 17.24 Amide II [20]
1511 1500 1.76 1517 6 (N-H), v (C-N) [21]
1478 S (C-H) [22]
1462 1453 8.61 1451 6 (C-H) [22]
1398 1400 1400 11.75 1411 1409 vs (COO-) [23, 24]
1350 1359 3.85 os (CH;) [21]
1334 0 (C-H) [25]
1309 1325 8.71 Amide III [26]
1296 vas (C-0) [21]
1220 1220 1236 9.75 1232 1236 v (C-N), Amide III [26]
1192 1184 v (C-0) [27]
1150 1154 1143 2.15 1153 v (C-N) [28]
1116 1103 3.28 Amide III [29]
1079 1084 1080 0.66 1087 1092 v (C-N) [23]
1046 1047 1047 6.96 1042 v (C-N) [30]
989 998 2.94 994 6 (O-H) [21]
934 941 0.79 952 953 6 (O-H) [21]

v (stretching vibration), d (bending vibration), s (symmetric), as (asymmetric), Wn (wavenumber), d*A/de?

(second-derivative)

the nanocontrast from 1800 to 900 cm™'. The nanocontrast
spectrum appeared to correspond to contributions from
both complexes. The Gd-DTPA-cysteamine complex domi-
nated the spectral features of the Au@Gd-EGF according to
deconvolution (Table 1).

As shown in Fig. 5, DLS measurements provide a char-
acterization of the hydrodynamic diameter of the particles.
Thus, the synthesized AuNPs presented a uniform distri-
bution with an average diameter of 24.77 nm and a low
polydispersity index (PDI) of 0.208 (Fig. 5a). The Au@Gd-
EGF nanocontrast exhibited an increase in particle size of
approximately 19 nm (Fig. 5b), which is consistent with the
functionalization process. This increase in the hydrodynamic
diameter was explained by the adsorption of the complexes
onto the surface of the AuNPs, with the Gd-DTPA molecule
presenting a surface area of 2.23 nm? while the EGF had an
area of 9.94 nm?, corroborating the data obtained in FTIR
spectroscopy.

The performance of Au@Gd-EGF as a contrast agent for
MRI was assessed by relaxation rate (1/T1) measurements.

@ Springer

Thus, different concentrations of the nanocontrast and a
commercial gadolinium-based contrast agent (OptiMARK®)
were analyzed as presented in Fig. 6. The images showed a
qualitative improvement when increasing the SI as a func-
tion of increasing concentrations of Au@Gd-EGF and
OptiMARK® (Fig. 6a). Figure 6b shows the relaxation rate
(1/T1) measurements according to contrast agent concentra-
tion, allowing a quantitative comparison of the R1. The R1
values of the Au@Gd-EGF nanocontrast and the commercial
contrast agent were 0.77 and 3.24 mM~! s™!, respectively.
The contrast agents used in MRI should exhibit low cyto-
toxicity. Therefore, this study evaluated the cell viability
and mitochondrial activity of the nanocontrast in a human
breast adenocarcinoma cell line (Fig. 7). The Au@Gd-EGF
nanocontrast presented low cytotoxicity for cells exposed
for 24 h of incubation at 0.1, 0.5, and 1.0 mg mL™!, show-
ing a survival rate higher than 75% in the MDA-MB-468
cell line, which was confirmed by the mitochondrial activity
(Fig. 7a) and cell viability (Fig. 7b). Mitochondrial activity
reflects the metabolic activity of cells. Although the groups
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treated with the nanocontrast showed a reduction in meta-
bolic activity compared to the control group, the statistical
analysis showed that there were no significant differences.
In addition, cell viability analysis confirmed that there
were no changes in cell membrane integrity, indicating low
cytotoxicity.

4 Discussion
MRI techniques associated with the use of paramagnetic

substances can be employed as alternative methods for
diagnosing certain types of cancers. Although MRI has high

diagnostic sensitivity, it has low diagnostic specificity, which
can be overcome using nanostructured materials. Thus, this
study exhibited the development of the Au@ Gd-EGF nano-
contrast, which presented excellent biocompatibility and low
cytotoxicity and ST in MRI with active target delivery, sug-
gesting great potential for future applications in the early
diagnosis of different types of cancers that exhibit EGFR
overexpression, such as breast cancer.

The vibration modes in the FTIR spectrum of the
Gd-DTPA-cysteamine complex showed the formation of
amide bands (1042 and 1232 cm™!), confirming the binding
between the molecules. The carboxylic acid flexion vibra-
tions are found in regions < 1000 cm™. As a result, it is
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Fig.7 Cytotoxicity of the Au@ |
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possible to detect the presence of the functional groups of
the carboxylic acids of Gd-DTPA in the spectrum of the
mixture of Gd-DTPA + cysteamine at 930 cm™". This vibra-
tional mode was absent after chemical modification using
aqueous carbodiimide chemistry and occurred during the
modification reaction of the Gd-DTPA-cysteamine complex
with amide bond formation [31].

The region between 1020 and 1250 cm™! refers to the
formation of the amide bond, corresponding to the C-N
stretching vibration, where an increase in the intensity of the
bands at 1042 and 1232 cm™! in the complex spectrum was
expected since it reveals the linkage between the molecular
radicals during amide formation [10, 22, 26]. The increase
in the intensity of these bands indicates successful molecular
modification [10]. As the Gd-DTPA + cysteamine mixture
is the sum of the bands referring to the molecules, a high-
intensity band is observed at 1588 cm™!. This vibrational
mode is attributed to the C-N stretch originating from Gd-
DTPA [32]. In contrast, two new bands of lower intensity
are formed at 1637 and 1578 cm™" after the formation of the
amide bond between the cysteamine contrast agent, showing
the presence of Gd-DTPA (C-N) and the N-H bond from
the carbodiimide pathway, respectively [22, 26, 32, 33]. The
carbonyl group (C=0) was modified with an amide bond
formed by chemical modification of the Gd-DTPA molecule.
Thus, the strong vibrational mode observed at 1716 cm™ in
the Gd-DTPA-cysteamine complex probably refers to C=0
bond weakening, resulting in a higher dipole moment [10].

Deconvolution of the Au@Gd-EGF nanocontrast FTIR
spectra corresponding to the interaction of AuNPs with
the complexes revealed the contributions of these bands
(Table 1). The vibrational modes at 1742 and 1733 cm™
were assigned to the C=0 stretching vibrations that may
originate from esters or amides of the EGF protein [18]. The
EGF-a-lipoic acid complex exhibits several amide bonds
found in the backbone of EGF. The vibration of the Amide
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I region (17001600 cm™") results from the C=O stretch-
ing vibration related to the conformation of reverse turns,
which is the inversion of the peptide chains [17-20, 22, 33].
Amide II vibrates at 1551 cm™" as a result of the N-H bend-
ing (60%) and C-N stretching (40%) of the proteins, and
the Amide III band (1200-1350 cm™") is usually weak but
arises predominantly from the C-N stretching vibrations
coupled to N-H in-plane bending vibrations [20, 21, 25,
26]. The absorption bands at 1517, 1511, and 1500 cm™ ! are
associated with amide bonds [0 (N-H) and v(C-N)] found
in the Gd-DTPA-cysteamine complex due to the modifica-
tion of the molecule [20]. The Amide II mode, correlated
with EGF, also exhibited absorption in this spectral region,
forming overlapping bands. The spectral region from 1485
to 1445 cm™! of C—H bending modes refers to the molecular
structure of the Gd-DTPA-cysteamine complex. The sym-
metric axial deformation of (COO-) at around 1400 cm™!
corresponds to coordinated carboxyl groups [23, 24].
Bands at 1334 and 1152 cm™! were observed in the second-
derivative spectra of the Gd-DTPA-cysteamine complex.
In cysteamine, these bands are assigned as & (C—H) and v
(C-N), respectively [25, 28, 29]. The vibration assignments
of C-N are associated with Gd-DTPA at 1092, 1084, 1080,
and 1079 cm™!, evidencing the presence of this molecule in
the Au@Gd-EGF nanocontrast [24, 29, 30].

DLS measurements revealed that the hydrodynamic
diameters of the particles were directly related to their
UV-visible spectra. The increase in nanoparticle size sug-
gests the adsorption of EGF and Gd-DTPA molecules on
their surfaces. Thus, the UV-visible spectrum of the nano-
contrast presented a plasmonic resonance band centered
at 524 nm, which is characteristic of AuNPs, and a small
change at 250 nm, representing the Gd-DTPA region, which
may be related to the functionalization of AuNPs. Li et al.
[34] developed multifunctional AuNPs based on dendrim-
ers using gadolinium as the contrast agent. The UV—visible



Gold nanoparticles conjugated with epidermal growth factor and gadolinium for precision... 161

spectrum showed absorption at 520 nm for the AuNPs, with
a small band at approximately 260 nm, corroborating the
data obtained in our study [34].

Most MRI contrast agents such as Optimark produce
increased signals on T1-weighted images. This is related to
relaxivity, that is, the agent can increase the constant of the
longitudinal (1/T1) or transverse (1/T2) relaxation rate of
water normalized to the concentration of the contrast agent.
However, the increased concentration of the nanocontrast
agent compared to that of the commercial contrast agent
leads to a decrease in SI; therefore, the optimal dose should
be considered to obtain the maximum SI. In addition, for
new contrast agents such as the Au@Gd-EGF nanocontrast,
it is important to consider both the relaxivity of the agent
and the inherent relaxation rate of the tissue, as both are
involved in determining the SI [6].

The signal strength of the Au@Gd-EGF nanocontrast is
lower than the commercial contrast; however, it is important
to note that the relaxivities (r1/r2) of contrast media based
on Gd-DTPA are lower than those of molecules based on
gadoversetamide (Gd-DTPA-BMEA, OptiMARK®) [35].
The greater the ability of a gadolinium-containing mole-
cule to induce both T1 and T2 relaxation, the greater the
relaxivity of the molecule. Factors such as the concentration,
molecular size, binding capacity to water molecules and
human proteins, temperature, and magnetic field strength
influence the relaxivity of gadolinium-containing molecules
[36]. Water exchange rates play an essential role in deter-
mining the efficiency of lanthanide complexes, which con-
sequently maximizes relaxivity to achieve high-efficiency
contrast agents [37]. The low relaxivity of the nanocontrast
may be related to a slow water exchange rate.

Chemical modification using carbodiimide to produce
the GD-DTPA-cysteamine complex involves the binding of
the functional carboxylic acid groups of GD-DTPA with the
amino group present in the cysteamine molecule, forming a
stable amide bond. Ferreira et al. [38] reported that amide
bonds undergo slower water exchange than their parent car-
boxylate chelates, limiting the relaxivity that is potentially
achievable by nanoparticles. Furthermore, OptiMARK® is
a common contrast used in diagnostic imaging due to its
low cost and high SI (T1 relaxivity @1.5T:4.4-5.0). How-
ever, they have low tumor selectivity, and non-ionic linear
agents undergo 20% dissociation of Gd** [39]. Heydarn-
ezhadi et al. [40] synthesized a novel metabolic contrast
agent (Gd-DTPA-DG) with a shorter T1 than that of Gd-
DTPA (Magnevist) at the same concentration; however, both
had little to no effect on T2. Da Silva et al. [41] analyzed
gadolinium signal intensities at different concentrations and
formulations. It showed an 18.52% decrease in iodinated
contrasts with a pure contrast agent and a 29.26% reduc-
tion in contrast SI when diluted with xylocaine compared
to gadolinium [41].

Although the modifications made to form the Gd-DTPA-
cysteamine complex were different from those reported
by Da Silva et al. [41], the modified Gd-DTPA signal was
weaker than that of the commercial formulation, which may
be a limiting factor. This corroborates the fact that the dif-
ference in the r,/r, relaxivities between molecules, which
depends on a series of combined factors, determines the
efficiency of spin—lattice relaxation. In this context, the two
main factors are the structure of the gadolinium chelate com-
plex, which determines the proximity of the water molecule
to the gadolinium ion, and molecular rotational dynamics
[35]. Furthermore, the general rule is that a longer TR is
preferred for more accurate quantification of longer Tls,
whereas a shorter TR is preferable for more accurate quan-
tification of shorter T1s. Therefore, when the T1 is much
longer than the TR, the fit is unreasonable and the resulting
T1 value is considered unacceptable owing to the consider-
able fitting error, suggesting that the T1-measurement time
may have been insufficient [42].

Gd3* dissociation in biological systems can occur via
transmetalation caused by contrast destabilization. The bond
between Gd** and its ligand determines the stability of the
contrast agent, wherein chelation produces a molecule with
a short residence time in the body. In addition to the skin,
Gd*t is deposited in tissues, such as the brain, liver, muscle,
heart, lung, pancreas, kidney, spleen, and bone. The degree
of accumulation in each tissue type was unequal [39]. Epi-
demiological evidence suggests that the use of gadolinium-
containing contrast agents may cause nephrogenic systemic
fibrosis (NSF) [43]. A study conducted in patients with NSF
who were administered only one type of gadolinium contrast
agent throughout their lifetime revealed that a linear non-
ionic agent was responsible for 438 cases of NSF after 47
million contrast administrations. Linear ionic agents caused
135 cases, with approximately twice the amount adminis-
tered (95 million doses) [44]. The deposition of Gd3™" in the
brain tissue has attracted much attention from researchers.
Studies have shown that detectable gadolinium deposition
from macrocyclic gadolinium-based contrast agents occurs
at a much higher cumulative dose than from most linear
agents [39]. Moreover, the biodistribution of commercial
contrast agents was homogeneous. To minimize the impact
of Gd3* dissociation, the produced nanocontrast uses a
linear gadolinium-based contrast agent functionalized to a
nanoparticle with a targeting molecule to guide delivery to
the region of interest. This allows for greater sensitivity and
specificity of the MRI technique for the early diagnosis of
breast tumors.

The specificity of nanoparticle delivery with active
targeting has become an essential concept in therapeutic
and diagnostic research. The active targeting of nanopar-
ticles to particular sites in the body can be achieved using
peripheral ligands that specifically bind to exposed cellular
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biomolecules expressed on the surface of malignant cells
with some degree of uniqueness [9, 10]. EGFR is a mem-
ber of the ErbB family and comprises receptor tyrosine
kinases that are internalized after ligand binding. EGFR
is expressed in 14-91% of patients with breast cancer, and
in several studies, it has also been associated with poor
prognosis [45]. The cellular uptake and internalization
of nanostructures using specific EGFR antibodies have
been reported in the literature. Lucas et al. [12] assessed
the binding affinity of EGFR to EGF-, EGF-linker-, and
EGF-linker-coated nanoparticles, in which the nanoparti-
cle samples showed similar responses to EGF and EGF-
linker, ensuring the effectiveness of receptor-ligand bind-
ing. Creixell el al. [46] demonstrated that internalized
EGF-conjugated magnetic nanoparticles targeted EGFR
and significantly reduced cell viability (up to 99.9%). This
may be related to the internalization of EGF-conjugated
magnetic nanoparticles into MDA-MB-468 cells, which
increased over time. A standard MTT assay was performed
on MDA-MB-468 cells to evaluate the cytotoxicity of the
Au@Gd-EGF nanocontrast. As shown in Fig. 7, no sig-
nificant cytotoxicity was observed with any concentra-
tion of the nanocontrasts tested. Zhou et al. [32] evalu-
ated the cytotoxicity of Gd-DTPAb@ZIF-8 nanoparticles
in 4T1 cell lines and human umbilical vein endothelial
cells where the survival rate for both cell types was over
75% after 24 h of incubation with the contrast agent at
concentrations higher than 12.5 ug mL~! [32]. This result
demonstrates the excellent biocompatibility of the Au@
Gd-EGF nanocontrast agent, suggesting its applicability
as a MRI contrast agent in the early diagnosis of cancer.

5 Conclusion

FTIR spectroscopy confirmed that the carboxylic acid groups
(COOH) of gadolinium-DTPA formed an amide bond (C-N)
with the primary amines (NH,) present in cysteamine via a
carbodiimide reaction. The significant vibrational modes at
930, 1042, 1232, 1588, and 1716 cm™! effectively confirmed
the chemical modification of Gd-DTPA, forming a nanocon-
trast agent. UV—visible spectroscopy and DLS demonstrated
that the complexes bind to AuNPs with high affinity, and
spectral deconvolution using Gaussian curve fitting revealed
bands of the complexes on the surface of the nanoparticles.
Au@Gd-EGF showed sufficient relative MRI SI for diag-
nostic applications owing to active targeting, which allowed
greater specificity and sensitivity of the technique with high
efficiency. The Au@Gd-EGF nanocontrast agent exhibited
good biocompatibility and low cytotoxicity and SI in MRI
with active targeted delivery, suggesting a significant poten-
tial for future applications in the early diagnosis of cancer.
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