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ABSTRACT

Breast cancer along with colorectal and lung cancer contribute to ~51% of all female cancers and
significantly affect women’s health. Breast cancer screening with standard medical imaging techniques
such as ultrasound, MRI, digital mammography (M; low-energy X-rays), contrast-enhanced
mammography (CEM), and X-ray computed tomography (CT; high-energy X-rays) can reduce the
mortality rates by 20%. High specificity and sensitivity is thus a constant request in breast cancer
screening. In cases where breast cancer cannot be identified, such as the case of dense breast tumors, CEM
is used. However, all the FDA-approved M/CT contrast probes are non-specific blood pool agents that
target tumors passively, clear fast, require high doses, and can lead to side effects. Engineering ligand-
specific nanoparticles (NPs) as molecular imaging diagnostic probes that can selectively recognize
hormone receptors of breast cancer cells, which account for 70-80% of breast cancer cases, and
internalize, could allow for early identification of tumors/micro-tumors at low metal amounts, lower the
imaging sensitivity detection limits, and reduce side effects related to non-specificity (non-targeted
probes). Herein, we report on estrogen receptor (ER)-targeting NPs of ~4 nm that can selectively bind and
internalize to ER+ breast cancer cells, and act dually as fluorescence and M/CT contrast probes,
amplifying the signal at the targeting site due to affinity-empowered NP localization within cells. Material
preparation, small molecules synthesis, bioconjugation, material characterization, NP/cell internalization

and binding studies, as well as micro-CT analysis are described in detail and compared with controls. This
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is the first to our knowledge study reporting hormone-coated NPs as a new M/CT contrast agent for breast

cancer screening.

Introduction

According to the American Cancer Society, colorectal, lung, and breast cancer contribute to ~51% of all
gynecologic cancers, significantly affecting women’s health.!-3 Breast cancer is the most common cancer
in women, ranked 6™ as the cause of cancer-related mortality.* Each year, around half a million people
are diagnosed with breast cancer and approximately 1/5 of women decease,® while the number is expected
to increase by 39% in 2040. Breast cancer screening operated by mammography (mainly), CT, or other
imaging techniques, can reduce the mortality rates by 20%.° In cases where breast tumors cannot be
identified, CEM is used.” However, all the FDA-approved M/CT contrast probes are non-specific blood
pool agents that target tumors passively (enabling poor tumor-to-background contrast), clear fast, require
high doses, and can lead to side effects. Engineering M/CT nanoprobes that can recognize specific
hormonal breast cancer cell receptors such as progesterone receptors (PRs) or ERs, which account for 70-
80% of breast cancer cases,® and internalize could allow for early identification of tumors/micro-tumors
at lower metal amounts than non-targeted nanoprobes, reduce the imaging sensitivity detection limits, and
minimize side effects related to non-specific administration.

High levels of female hormones such as progesterone and estradiol have been found in women,
and are strongly connected with breast cancer.” B-Estradiol (E2) is an estrogen steroid hormone that is
mainly secreted by the ovaries. It can be either found free or loosely bound to albumin (in both cases it is
called bioavailable; rapidly extracted by tissues) or tightly bound to sex hormone bound globulin, where
it is difficult to diffuse to cells/tissues.!” Women have 30-400 pg estradiol/mL in their blood
(premenopausal), while men 10-50 pg/mL.!"" E2 can be administered pharmaceutically for enhancing
puberty maturation in cases of hormone deficiency in adults, as an oral contraceptive, for managing

amenorrhea, or as a biomarker to examine the development of the ovary follicles prior to in vitro
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fertilization.'>!> However, E2 plays a crucial role in increasing the risk for ovarian, prostate, and breast
cancer.”!*

ERs are protein receptors that bind f-estradiol and are found in breasts, ovaries, uterus, brain, and
even in bones, and among others, regulate sex differentiation. They divide into transmembrane ERs'> (G
protein-coupled receptors) and cytoplasmic ERs'® (with subtypes ERa and ERB) which bind E2 and
transfer/translocate the hormone to the nucleus, where it binds with DNA and activates transcriptional
processes, resulting in gene expression.!” The two cytoplasmic ER subtypes are located in different tissues
in normal humans and animals.'3-2! ERJ is the dominate subtype in the ovaries and in specific regions of
the brain (82% and 13% respectively have been found in the ovaries and in all areas of the brain in female
rats?!), while ERa predominately exists in reproductive tissues such as the uterus and in breasts (29% and
26% ERa have been respectively found in the uterus and in the mammary glands of female rats?!). In
cases of breast cancer though, ERa is overexpressed,?*?3 and found in ~70-75% of breast cancers.®

ERs have been used as an appealing pharmaceutical target for a wide variety of diseases, such as
in hormone therapy and breast cancer.?’-*® As an example, estradiol esters (E2 esters) have been approved
by FDA as estradiol pro-drugs. These usually have a short hydrophobic tail? or a long-chain fatty acid
conjugated to the C,73-OH group, and can enhance the resistance to the first-pass metabolism as well as
improve the E2 bioavailability by gradual release (ester bond degradation) into the bloodstream. While
the provided hydrophobic shield of E2 conjugates (estradiol is a fat soluble) protects the hormone,
hydrophobic E2 esters have poor access to ERs,?” and show estrogenic activity only after hydrolysis by
esterases. On the contrary, hydrophilic E2 conjugates®-*> may have a higher binding affinity to ERs
compared to hydrophobic esters due to the hydration sheath that allows the hormone to come in closer
proximity with the binding pocket.

E2 binds to ERo mainly through H-bonding and =n-m stacking interactions. Published
crystallographic studies by the group of Singler show that the aromatic ring of E2 is involved in n-nt

stacking interactions with Phe-404 of the ERo..*® In addition, the aromatic -OH and the aliphatic 17C—
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OH of E2 donate respectively a H-bonding to G/u-353 and to His-524 of ERa,*® while the O atom of the
aromatic —OH associates with H-bonding to a water molecule residue located between Arg-394 and Glu-
353. With reported amounts in the range of 2,600<x<90,000 ERs/cell in ER+ MCF-7 breast cancer
cells,?”* diagnostic NPs that can hone to overexpressed ERs of breast cancer cells and amplify the signal
seem a very promising and an orthogonally-targeted approach to detect breast tumors. By employing this
molecular recognition strategy we aim to fill an existing gap related to the absence of breast-cancer
specific M/CT contrast agents that can actively target ER tumors (metallic-NPs also absorb X-rays).
Currently used iodinated agents are blood pool agents that provide X-ray signal through passive targeting
of breast cancer cells, can clear fast from the body, and lack specificity, resulting in unwanted distribution
to different organs. Since mammography is used much more frequently than MRI in hospital settings,
developing an ER-targeted probe could be significantly useful for CEM and breast cancer CT diagnosis.

Herein, we report the preparation of estrogen-coated PEG-AuNPs as a fluorescence and M/CT
contrast agent for ER+ breast cancer screening, using two different approaches: i) a direct E2 conjugation,
preparing E2-NPs, and ii) conjugation through an oligo(ethylene glycol) derivative of E2 (EE2) which
enables both -OH groups of the hormone to be free for interaction with the ER binding pocket, yielding
EE2-NPs. Both ER-targeting NPs were tested for internalization (confocal fluorescence microscopy) and
binding affinity (flow cytometry) with ER+ human MCF-7 breast cancer cells that naturally show
overexpression of ERs, and compared with uncoated-NPs, PBS, and a triple negative breast cancer
(TNBC) line. A potential internalization mechanism of £2-coated PEGylated AuNPs to ER+ cells is also
proposed. Synthetic NP preparation, small molecules synthesis, bioconjugation, material characterization,
NP/cell internalization studies, NP/cell binding studies, and micro-CT analysis are described in detail.
This is the first study, to our knowledge, that reports hormone-coated NPs as targeting M/CT contrast

agents for ER+ breast cancer screening.
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Results and Discussion

Synthesis of HOOC-PEG-Coated Gold Nanoparticles (HOOC-PEG-AuNPs)

A matrix-free (“one component”-#?) hydrophilic contrast probe precursor, HOOC-PEG-AuNPs, was
synthesized (Scheme 1) by ligand exchange of 3.7 + 0.6 nm CI12-S-AuNPs (~11.7 = 0.3 wt%
dodecanethiol incorporation by TGA: thermogravimetric analysis; decomposition temperature: 7, = 301
+ 5 °C; Figures S1 and S2) with excess HOOC-PEG-SH (PEG had a 96.6 £ 0.2 wt% loss with 7, =416
+ [ °C: TGA in Figure S3) followed by precipitation in hexane to remove liberated dodecanethiol. High
speed centrifugation (fractionation) was then used to remove unbound HOOC-PEG-SH, since free
polymeric chains have been found to co-exist with polymer-coated NP in previous studies,*’-** even after
extensive dialysis. PEG as a coating favors solubility/dispersibility due to hydration of the NP core,
reduces non-specific protein adsorption, provides stealth properties in the bloodstream, and enhances the
biocompatibility and half-life of conjugated materials.**** TGA was used to determine the wt% ratio of
the coated polymer before and after high-speed fractionation. The crude material, HOOC-PEG-AuNPs,
showed a 75.3 + 0.3 wt% total loss (Figure S4). Unbound HOOC-PEG-SH chains were then removed
via high-speed centrifugation,*’ leading to purified HOOC-PEG-AuNPs with two weight losses. One with
9.1 £ 0.2 wt% loss (7, = 278 £ 3 %) due to the decomposition of remaining C12-SH, and another one
between 270-520°C with 25.7 = 1.2 wt% loss (7, = 411 + I °C) due to the decomposition of NP-bound
PEG-SH (Figure 1a; TGAs analytically in Figure S5). That allowed for a remaining 65.2 wt% Au in the
NP. The metal wt% in a nanomaterial is crucial in X-ray absorption methods (mammography and CT),
since the highest the number, the stronger the NP-provided contrast. This, however, has a limit since soft
matter (small molecule or polymer) is required to be conjugated to a NP to provide hydrophilicity and
hinder possible precipitation. Unlike the hydrophobic C12-S-AuNPs which are dispersible in toluene,
HOOC-PEG-AuNPs were highly soluble in water, evidenced by reversing the water/toluene phase post
extraction. Our studies indicate the significance of removal of PEG chains using high-speed centrifugation

and not dialysis for drug delivery devices. Otherwise, the biodistribution studies are incorrect.
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Synthesis of Estradiol-Coated PEG-Gold Nanoparticles (E2-PEG-AuNPs)

Matrix-free HOOC-PEG-AuNPs were subsequently conjugated with p-estradiol in DCM via DCC/
DMAP-catalyzed ester coupling, as shown in Scheme 1, followed by dialysis over 50 % water — 50 %
MeOH to remove uncoated hormone (which is not soluble in water, but it is soluble in DMF, DSMO, and
MeOH), then with 75 % water — 25 % MeOH, and finally over water and lyophilized. Purified, £2-PEG-
AuNPs showed two weight losses. One with a 9.4 = 0.3 wt% loss (7; = 281 = I “) due to the
decomposition of remaining C12-SH, and another one with a weight loss of 24.1 + 1.4 wt% (T, =411 +
1 °C) due to the decomposition of NP-bound PEG-E2 (Figure 1b; analytically in Figure S6). The absence
of free estradiol in the NPs was confirmed by thin layer chromatography (TLC in Figure S7). The NPs
core size was estimated by TEM from different squares of the grid. The average particle size of HOOC-
PEG-AuNPs was found to be 3.2 + 0.2 nm (Figure 1c; analytically in Figure S8), while that of £2-PEG-
AuNPs was 3.9 + 0.7 nm (Figure 1d; analytically in Figure S9, along with size distribution), slightly
higher probably due to the less hydrophilic nature of the steroidal hormone. The NP size in solution was
examined by UV-Vis spectroscopy. HOOC-PEG-AuNPs showed a surface plasmon resonance (SPR)
band at 520 nm, whereas estradiol-PEG-AuNPs had a SPR band at 535 nm (Figure 1e). The latter, in
addition, had an absorption peak at 280 nm due to the coated estradiol. To quantify the NP-bound
hormone, E2-PEG-AuNPs were treated with 1 M NaOH overnight to hydrolyze the ester bond. After
water evaporation, the solid was dispersed in ethanol, vortexed and centrifuged to isolate the supernatant
which contained the ethanol-soluble estradiol (solid NPs remained in the pellet). The hormone was then
quantified in DMSO after solvent evaporation, dissolution, and filtration since it has a higher absorption
coefficient in that solvent. It was found that 4 mg of NPs/mL contained 105 puM of E2, or 26 nmol £2/mg
NP (Figure 1f). On the contrary, no estradiol peak was found by HPLC for the hydrolyzed HOOC-PEG-

AuNPs (Figure S10).
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Scheme 1. Preparation of E2-PEG-AuNPs as an ER+-specific M/CT contrast agent.
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Figure 1. (a) TGA curve of HOOC-PEG-AuNPs and (b) £2-PEG-AuNPs. TEM images of (c) HOOC-
PEG-AuNPs and (d) £2-PEG-AuNPs; (e) UV-Vis spectra of the two nanoprobes at 0.5 mg/mL and 0.22
mg/mL in DMSO. The estradiol peak at 280 nm is shown with an asterisk; (f) Linear fitting of the HPLC
peak of E2 between 0-132 pM in DMSO. On the inset, the HPLC spectrum of NP-hydrolyzed E2 is shown.
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Internalization Studies of E2-PEG-AuNPs with ER+ MCF-7 Breast Cancer Cells

ER+ MCF-7 human breast cancer cells were cultured in Minimum Essential Medium Eagle (EMEM)
supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO, at a density of 1-2 x 10° cells/mL,
and then incubated with E2-PEG-AuNPs (at 220 ug Au) for 24 h. Internalization studies to MCF-7 cells
were realized using confocal fluorescence microscopy. Since spherical AuNPs are not fluorescent, an
amine-terminated Alexa 594-EG, derivative was synthesized (structure in Figure S11a). The purity of
the product was confirmed by LC-MS (Figure S11). The fluorescent derivative was then conjugated to
remaining PEG-COOH of the NPs that did not react with E2 via EDC/NHS coupling, and the fluorescently
-labeled NP was purified with a Sephadex column. Labeled £2-NPs eluted first, while unreacted Alexa
594-EG, dye eluted after (see blue color in Figure S12). TLC showed absence of the small fluorescence
molecule (Figure S12). Confocal microscopy showed internalization of (Alexa 594-EG,)/E2-PEG-
AuNPs to MCF-7 cells after 24 h incubation, compared to MCF-7 cells incubated with media only (Figure
2, upper panel), with the pseudo-red (ex./em. at 590/617 nm) signal to be inside MCF-7 cells. A similar
outcome was achieved after 48 h of incubation (Figure 2b, lower panel). To our knowledge, this is the

first time that estrogen-coated NPs are reported. Mechanism of estradiol-NP Internalization: Estrogen-

NPs most probably internalize to MCF-7 cells via binding to transmembrane ERs and pass into the
cytoplasm, where they can bind to cytoplasmic ERs and provide strong NP contrast. This could be used
to enhance the X-ray contrast within ER+ tumors during M or CT breast cancer screening.

Though the results were impressive, solid £2-NPs showed some difficulty to disperse in water
after 1-2 months storage in the freezer. That could not improve even by bath sonication. This was possibly
due to the inherently hydrophobic nature of E2, which can be enhanced post conjugation to NPs since
only one of the two -OH is free. That motivated us to better engineer our NPs to favor both hydrophilicity

as well as interaction with ER receptors of breast cancer cells.
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0 pm 250 0 pm 250

Figure 2. Confocal fluorescence of ER+ human MCF-7 breast cancer cells incubated with (a) medium
only and (b) (Alexa 594-EG,)/E2-PEG-AuNPs at 220 ug Au after 24 h (upper panel) and 48 h (lower

panel). Laser power was 1% and gain was 694 for all the images.

Synthesis of an -OH free Estradiol Derivative (E2-EG4-NH,;)

In order to improve the aqueous dispersibility of estrogen-coated NPs as well as achieve stronger E2
binding to the ER pocket without comprising hydrogen bonding interactions of both -OH groups of
estradiol with amino acid donor/acceptor groups of the ER pocket, EE2-AuNPs were prepared. E2-EG -
NH, (EE2-NH,) that has both -OH groups free was synthesized via click reaction between ethynyl
estradiol with EG4-azide (Scheme 2). The product was confirmed by LC-MS and NMR spectroscopy.
The LC-MS spectrum of the product (MW = 558 g/mol) showed a peak at m/z: 559 [M + H]J*, while the
starting material had a peak at m/z: 297 [M + H]* (Figure S13). The '"H NMR of ethynyl estradiol shows
the three benzylic hydrogens at 7.09 ppm, 6.55 ppm, and 6.47 ppm. The triple bond -H is shown at 2.89

ppm, while the -CHj3 group at 0.85 ppm (Figure S14). In the 'H NMR of the product, £2-EG4-NH,, the
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aromatic peaks downshift at 6.99 ppm, 6.55 ppm, and 6.46 ppm (Figures S15). In addition, a new peak
appears at 7.99 ppm, which can be attributed to the triazole ring proton, while the terminal acetylene
proton of the reactant (2.89 ppm) disappears (Figure S15). Other changes include the upshift of the -CHj;
group at 1.06 ppm from 0.85 ppm, and the formation of new -CH,- peaks at 4.59 ppm and 3.91 ppm post
conjugation of the EG, chain to the triazole ring, compared to the terminal -CH,- peaks of H,N-EGy-azide

at 3.52 ppm and 3.38 ppm (Figure S16).

Ethinylestradiol OH Azido-EG4-amine
MW: 296.4 g/mol b MW: 262.3 g/mol
pe s
HO
NH,
Ascorbic acid (10%) ofON

Cu(NO;); (10%) gy

OHN N ~O~"0

— =
water/1-propanol (1:1) N
RT, 48 h ol
Estradiol-EG4-amine
MW: 558.3 g/mol
HO

Scheme 2. Synthetic scheme of click reaction between ethynylestradiol with H,N-EGy-azide leading to
E2-EG4-NH, with both -OH free.

Synthesis of Estradiol-EG, Coated PEG-Gold Nanoparticles (EE2-PEG-AuNPs)

A new M/CT contrast probe was synthesized that allowed for both -OH groups of the hormone to be free
for interactions, since direct conjugation to one of those could theoretically impact the binding to the ER
pocket (though not observed in our confocal study).?¢ Starting from a new batch of HOOC-PEG-AuNPs
with 34.3 = 1.0 wt% PEG (TGA in Figure S17), the synthesized estradiol-EG,-NH, was conjugated via
EDC/NHS coupling to obtain EE2-PEG-AuNPs with two weight losses; one with a 6.4 + 0.3 wt% loss
(T;= 272+ 3 “) due to the decomposition of remaining C12-SH, and another one with a weight loss of
35.0 £ 5.5 wt% (T; = 410 = 0 °0) due to the decomposition of NP-bound PEG-EE?2 (Figure S18). The
amount of Au in the EE2-NP was ~59 wt%, slightly lower than E2-NP (65 wt%). However, unlike the
latter, EE2-NPs had a high aqueous dispersibility after long storage in the freezer (tested up to 6 months),

which makes them more suitable for commercial purposes. EE2-PEG-AuNPs had a SPR band at 530 nm

10
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(Figure S19), unlike the precursor, HOOC-PEG-AuNPs, which showed a SPR band at 518 nm. The latter,
in addition, had a small absorption peak at 280 nm (in MeOH) due to the conjugated EE2. The average
particle size of EE2-PEG-AuNPs was 3.9 + 0.7 nm (Figure 3a; size distribution in Figure S20), slightly
higher compared to 3.2 = 0.2 nm of the HOOC-PEG-AuNPs precursor. To quantify the NP-bound
hormone, EE2-PEG-AuNPs and HOOC-PEG-AuNPs (control) were hydrolyzed with 6 N HCI at 100 °C
overnight. The solid NPs particles were spun down and the supernatants containing estradiol and/or
derivatives (brown color), or the negative control (colorless; from lysed HOOC-PEG-AuNPs) were
evaporated, dissolved in 1 mL MeOH and quantified over a calibration curve of hydrolysed £2-EG,-NH,
itself (brown color) at 266 nm. It was found that 5 mg of NPs contained 105 nmol of EE?2 after subtraction
from the negative control (lysed HOOC-PEG-AuNPs), or 21 nmol EE2/mg NP (Figure 3b). HPLC was
also used as a supplementary technique to quantify EE2-PEG-AuNPs based on a calibration curve of one
of the hydrolyzed products of estradiol-EG,-NH,. That method revealed 11 nmol EE2/mg NP (Figure

3c).

The behavior of EE2-coated NPs was then examined in solution using water and cell media
containing BSA. The effect of the cell incubation media on the dynamic NP size was then examined.
Dynamic light scattering (DLS) results showed a number-average hydrodynamic size of 36 + 11 nm for
EE2-PEG-AuNPs in water at 0.83 mg/mL (Figure S21a), while in DMEM containing 10% FBS the size
was 33 + 10 nm, highlighting the dysopsonic properties of PEG,*> which hinders proteins like albumin
from adsorbing onto the NP surface and increasing the NP size. The larger NP size in DLS (solution size)
compared to TEM (core size; dry state) is expected due to the conjugation of PEG which interacts with
other polymer chains as well as with water molecules. A similar increase in size (from TEM to DLS) due
to polymer attachment has been reported by Cai et al,*¢ the group of Badea,*” as well as by our group.*!
DLS is known to be impacted by the NP concentration. We thus examined the NP solution size at 0.33
mg/mL and 0.83 mg/mL. At the lower concentration, DLS results showed a size of 53 + 2 nm in water,

while NPs in DMEM containing 10% albumin as the dispersant solvent had a size of 50 = 7 nm (Figure
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S21b). NPs of similar size (~35 nm) were obtained for EE2-coated NPs at 0.83 mg/mL. The slightly larger
size in dilute solution is attributed to the hydrophobic nature of the NP-conjugated hormone which seems
to be more pronounced. At higher NP concentrations, polymer-polymer interactions may suppress this

effect.
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Figure 3. (a) TEM images of 3.9 = 0.7 nm EE2-PEG-AuNPs at 0.5 mg/mL in water. The examined
magnitudes (left to right) were 45000x, 125000x and 260000x; (b) UV-Vis quantification of acid-
hydrolyzed EE2-PEG-AuNPs (red color) and HOOC-PEG-AuNPs (black color) at the same [NP], along
with 14 uM E2-EG,NH; (blue color; standard) at 266 nm. Results showed 21 nmol E2-EG,/mg NP; (c)
HPLC quantification of the same NP based on the ligand elution peak at 8.46 mins. Results showed 11
nmol E2-EG,/mg NP and 0 for the negative control.

Binding Studies of EE2-PEG-AuNPs to MCF-7 Breast Cancer Cells

Similarly to E2-coated NPs (shown in Figure 2), EE2-PEG-AuNPs showed internalization within ER+

MCF-7 breast cancer cells (Figure S22). This, along with their high dispersibility after long storage in
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the solid state at low temperatures, makes them a strong contrast tool for confocal studies and potential
X-ray imaging. To examine potential binding of EE2-PEG-AuNPs to ER+ MCF-7 human breast cancer
cells, the cells were grown at a density of 2 x 103 cells/mL, as described above, and incubated with media
only control, the uncoated-NPs (HOOC-PEG-AuNPs), and (Alexa 594)/EE2-PEG-AuNPs (scheme at
Figure 4) at 119 pg Au/mL for 20 h, followed by washing of the adherent flask with media to remove
any unbound dye. Results showed absence of binding for PBS and the uncoated-NP (Figure 4a,c and
polygon black line in Figure 4b) and strong binding for the fluorescently-labeled EE2-NP (Figure 4d,e).
The performance of (Alexa 594)/EE2-PEG-AuNPs was also tested using the TNBC line MDA-MB-231.
Results showed some binding/fluorescence as a result of non-specific binding (Figure S23b vs. S23a).
However, the intensity of the signal however was ~5.6 times weaker (see histogram values in Figure
S23d) than that of MCF-7 cells, using the same polygon (gating area, Figure S23c).

The X-ray contrast ability of our EE2-NP was then examined. Micro-CT images of NPs in solution
showed 1.43x contrast-enhancement for EE2-PEG-AuNPs vs. water (Fig. 5a,b). This value is similar to
the that of FDA-approved iodinated agents in solution at the same metal concentration. It is important to
note that the CT signal of NPs accumulated (by ligand-receptor affinity) to tumors, which contain by
default less/much less water, is expected to be enhanced (zero or negative CT values can be obtained in
tissues with small amount or no water, e. g. fat tissue; water on the other hand gives CT contrast, as shown
in Fig. 5a). The obtained optical microscope image of ER+ MCF-7 breast cancer cells populated by EE2-

NPs attests towards that direction (Fig. 5c).
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Figure 4. Scheme of the (Alexa 594)/EE2-PEG-AuNPs; (a-d) Flow cytometry binding studies of MCF-7
cells incubated with (a,c) medium only, and (b,d) (Alexa 594)/EE2-PEG-AuNPs at 119 ug Au/mL. In 4b
(polygon black line), the binding of uncoated HOOC-PEG-AuNPs to MCF-7 cells is shown, revealing
absence of binding. Results are shown after removal of media and washings to remove unbound dye.
Fluorescence patterns in the mCherry channel (exc./em. 587/610 nm) over the FITC channel (reference;

no fluorescence) are shown in a and b, while ¢ and d represent histograms.
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ER+ breast
cancer cells

Figure 5. Micro-CT images of (a) water and (b) EE2-PEG-AuNPs showing 1.43x contrast-enhancement
in solution; (c¢) Optical microscope image of ER+ MCF-7 breast cancer cell aggregates populated by EE2-
PEG-AuNPs.

The top priority in hospital breast cancer screening settings is sensitivity and specificity. Our
studies indicate specific and selective NP contrast in ER+ breast cancer cells by using E2-coated NPs.
Two methods to conjugate E2 to NPs were described in this paper, followed by internalization and binding
(flow cytometry) studies. E2 conjugation to NPs through click chemistry (EE2-coated NPs) where both
estradiol -OH groups are free, enables hydrogen bonding, increases hydrophilic interactions, and favors
stronger binding to the ER pocket (the original drug structure is preserved). It is thus the preferred option
between the two estradiol-coated NPs. We envision that our £2-coated NPs could be used as a delivery
scaffold to selectively transfer M/CT contrast*!*8-55 to orthotopic xenograft ER+ animal tumor models. A
high NP accumulation is expected in the tumor due to increased specificity, followed by renal clearance
due to the small size, while small NP accumulation is anticipated in the liver.

Our long-term goal is the translation of this ER-selective NP agent either as an [V-injectable M/CT
contrast material or as a breast-absorbing diagnostic cream. We project that ~1/5 to 1/2 less metal will be
required to provide X-ray contrast vs. currently used I-agents (~30 g of I in a human is equal to 9-10 mg
I for a 25-30 g mouse), based on published results by our group.#! That could reduce side effects, yet
achieve high contrast in breast tumor. Though possible NP accumulation to other tissues that ERs are
normally expressed (uterus, ovaries, and some vasculature) cannot be excluded, the high amounts of ERa

in dysregulated mammary tissues and potential administration of the contrasting nanoprobe in a cream
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formulation in small metal amounts*! render these off-target accumulation less probable, and by far less
damaging to the organism compared to current side effects imposed by a non-targeted administered probe.
Finally, due to its specificity, the ER-targeted NP would be the preferable contrast agent for CEM
compared to a regularly-used uncoated M/CT probe (more contrast-to-target with less side effects). In
addition, it will be favored against contrast-enhanced MRI in hospital settings, since mammography is
much cheaper and the preferred option for insurance companies. E2-coated nano-contrast M/CT agents
could be further coupled with anti-cancer drugs either physically (electrostatic interactions6-5%) or

chemically® to develop targeted X-ray/CT theranostic nanoprobes (future direction).

Conclusions

Herein, we report the preparation of estrogen-coated PEG-AuNPs as a fluorescence and X-ray contrast
agent for ER+ breast cancer screening. Two different synthetic approaches are described: i) direct
estradiol conjugation, preparing £2-NPs, and ii) conjugation through an oligo(ethylene glycol) derivative
of E2 (EE2), which enables both -OH groups of the hormone to be free for interactions with the ER
binding pocket, yielding EE2-NPs. Both estrogen-NPs managed to internalize to ER+ human MCF-7
breast cancer cells (confocal fluorescence microscopy) that have high expression of ERs. A potential
internalization mechanism of E2-coated NPs to ER+ cells is proposed. Strong binding affinity of EE2-
NPs with ER+ cells (flow cytometry) was additionally shown, compared to uncoated-NPs, PBS, and a
TNBC cell line. While both estrogen-coated NPs could provide fluorescent contrast within ER+ cells,
the E2-NPs had difficulty to disperse in water after 1-2 months storage in the freezer. EE2-NPs, in
contrast, were easily dispersing even after 6 months of storage at low temperature. Enhanced micro-CT
contrast was also achieved with EE2-coated NPs in solution, highlighting the dual contrasting ability of
our synthetic nanoprobe (fluorescence and CT). This is the first study, to our knowledge, that reports
hormone-coated NPs as a targeting contrast agent for ER+ breast cancer screening (first line screening).
Future direction will involve evaluating this nanoprobe in a ER+ orthotopic xenograft rodent model,

similar to our previous preclinical study in TNBC.
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Materials and Methods

Materials. Dodecanethiol-functionalized gold nanoparticles were purchased from Nanoprobes Inc.
Carboxymethyl-PEG-thiol (HOOC-PEG-SH; 5,000 g/mol) was purchased from Laysan Bio Inc. -
Estradiol was purchased by MD Biochemicals. Ethinylestradiol, ascorbic acid, and azido-EG4-NH,
were purchased from TCI Chemicals. NIH/3T3 mouse fibroblasts, DMEM, MCF-7 human breast
cancer cells (mammary gland), and EMEM media were acquired from ATCC. Fetal bovine serum

(FBS) and Alexa Fluor™ 594 NHS (succinimidyl ester) were purchased from ThermoFisher.

Synthesis of HOOC-PEG-Gold Nanoparticles (HOOC-PEG-AuNPs). PEGylated AuNPs were
prepared by ligand exchange of C12-S-AuNPs with excess HOOC-PEG-SH. 1000 mg of HOOC-PEG-
SH (0.2 mmol, M, = 5,000 g/mol per manufacturer) were dissolved in 30 mL DCM and equilibrated at
RT. Subsequently, a 20 mL DCM solution of C12-S-AuNPs (320 mg, 89% metal per TGA = 285 mg Au)
was added dropwise (the polymer concentration was reduced to 2 wt%), followed by continuous stirring
at RT overnight. The solvent was then evaporated, the mixture was dispersed in the minimum amount of
DCM (~2 mL), and precipitated in hexane to remove liberated dodecanethiol. The product (~1200 mg)
was then dispersed in DI water at 10 wt% and centrifuged at 20,000 rpm for 3 h at 8 °C to remove unbound
PEG-SH (supernatant), concentrating the HOOC-PEG-AuNP nanocomposite precipitate. The final pellet
(~278 mg) was collected and dried under vacuum overnight at RT. Every step was monitored by TGA.
The collected PEG-coated AuNPs were highly soluble in water. Addition of toluene showed clear transfer

to the aqueous phase, unlike C12-S-AuNPs.

Preparation of E2-PEG-AuNPs. HOOC-PEG-AuNPs (238.0 mg; 33.3 wt% PEG, => 78.6 mg PEG-
COOH in Au, => 15.75x10°moles since PEG is 5K) was dispersed in 9.3 mL DMF (4 wt%) and sonicated
until it is well-dispersed. Then, B-estradiol (17.3 mg, 63.0x10-moles, 274.2 g/mol, 4 eq) was added as a
solid. Subsequently, DCC (6.4 mg, 31.5x10-% moles, MW = 206.33 g/mol, 2 eq) in 2.7 mL DMF, along
with DMAP (0.35 mg, 31.5x107 moles, MW = 122.17 g/mol, 0.2 eq) in 0.53 mL DMF (from a

concentrated solution) were added and the system was left to react overnight (final [nano] ~ 2 wt%). The
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crude mixture was then dialyzed over 50 % water — 50 % DMF (1 day) to remove the unconjugated

hormone, then with 50 % water — 50 % MeOH (2 days), and finally over water (2 days), and lyophilized.

Hydrolysis of E2-PEG-AuNPs / E2 Quantification. 4 mg of estradiol-PEG-AuNPs were dispersed in
1.6 mL of IN NaOH (2.5 mg/mL) and the solution was stirred overnight. After that, the reaction mixture
was neutralized (pH = 7) with 1N HCI, and the dispersion was evaporated by rotary evaporator (in a vial).
The remaining solid was dispersed in 2 mL ethanol (2 mg/mL) and centrifuged (x3724 g, 4,000 rpm, 1h,
25 °C) to remove solid particles and obtain the dye. The collected supernatant was then passed through a
0.22 um PTFE syringe filter and dried to obtain the hydrolyzed estradiol. The released hormone was
dissolved in 1 mL DMSO (4 mg NP/mL), filtered with a 0.22 um PTFE syringe filter, and quantified by
HPLC using a calibration curve between 0-132 uM estradiol solutions in DMSO. The procedure was
repeated twice. A control, HOOC-PEG-AuNPs, was also processed in the same way and quantified as a

reference. The samples were also quantified by UV-Vis.

Synthesis of Alexa Fluor 594-(Ethoxy)Ethanamine (Alexa Fluor 594-EG,-NH,). 1,2-Bis(2-
aminoethoxy)ethane (0.18 mg, 1.21 x 10® moles, MW= 148.2 g/mol, 3 eq.) was dissolved in 0.2 mL dry
DMSO. Then Alexa Fluor 594 NHS ester (0.33 mg, 2 mM, 0.4 x 10 moles, MW = 819.9 g/mol) was
dissolved in 0.2 mL dry DMSO and added dropwise. The reaction was left overnight (covered with foil).
The product was purified by precipitation in large volume of diethyl ether to dissolve the excess diamine,
and characterized by ESI-MS spectroscopy. Initial reactants were not observed by ESI-MS. ESI-MS m/z

calculated for C4,H5;N4O(;S;,: 851.30 (M+H)*; Found: 851.0 (M+H)".

Conjugation of E2-PEG-AuNPs or EE2-PEG-AuNPs with Alexa Fluor 594-EG;,-Amine (Synthesis
of (Alexa 594)/E2-coated NPs). E2-PEG-AuNPs (10 mg; 24 wt% PEG, => 2.4 mg PEG in Au, => 4.8 x
107 moles -COOH since PEG is 5K; assuming all -COOH are reactive) was dissolved in 190 uL. DMSO
(4 wt%) and sonicated until well-dispersed. Subsequently, 10 pL of a 30 mg/mL DMSO solution of EDC

(0.3 mg, 1.92 x10°moles, 155.25 g/mol, 4 eq.) were added. After 5 mins, 10 uL of a 22 mg/mL DMSO
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solution of NHS (0.2 mg, 1.92 x10-moles, 115.09 g/mol, 4 eq.) were added. The mixture was sonicated
for 2-3 mins and was left to react for 20 mins. The dispersion (210 puL) was added dropwise to a 290 uL
DMSO solution of Alexa Fluor 594-EG;-amine (0.5 mg, 5.9 x10-7 moles, 850.29 g/mol, 1.2 eq.), and the
reaction was left overnight (final Canomaterial ~ 2 Wt%, ~20 mg/mL; 500 uL). The unreacted dye was
separated from the labeled-AuNPs using a Sephadex G-25 column, followed by NP fractionation (x3724
g, 4000 rpm, 1 h, 25 °C) to remove traces of dye in the collected fraction. The material purity was tested
with TLC to confirm absence of unreacted dye. The same procedure was repeated for Alexa594-labelling

of EE2-PEG-AuNPs (35 wt% PEG).

Synthesis of E2-EG4-NH,. 118 mg of ethynylestradiol (0.40 mmol, MW= 296.41 g/mol.), 7.2 mg of
ascorbic acid (40 umol, MW = 176.12 g/mol, 10 mol%) and 7.6 mg of Cu(NOs3); (40 umol, MW = 187.56
g/mol, 10 mol%) were added to a mixture of 2 mL water and 2 mL of 1-propanol. After that, 105 mg of
azido-EG4-NH; (0.40 mmol, MW = 262.3 g/mol, 1 eq.) was added to the reaction mixture. The reaction
was carried out for 48 h at room temperature. The solvent was then evaporated, and the greenish mixture
was dissolved in 1 mL MeOH and precipitated in a large volume of ethyl acetate to remove excess azido-
EG4-NH,. The precipitate was then collected and passed through a silica column to remove catalyst and

obtain a yellow-colored pure product. The elution solvent system was ethyl acetate/MeOH 25:75.

Ethynyl Estradiol: '"H NMR, (400 MHz, Methanol-D4, Reference = 6 3.31): 6 7.09 (d, /= 8 Hz, 1H), §
6.55 (d, /=8 Hz, 1H), 6 6.47 (s, 1H), & 2.89 (s, 1H), 6 2.70-2.83 (m, 2H), & 2.22-2.35 (m, 2H), 6 2.08-
2.15 (m, 1H), 8 1.84-2.01 (m, 3H), & 1.70-1.79 (m, 3H), & 1.23-1.46 (m, 4H), 6 0.85 (s, 3H). MS (ESI):
m/z: 297.0 ((M+H]").

EGazide: '"H NMR, (400 MHz, Methanol-D4, Reference = & 3.31): 8 3.63-3.68 (m, 14H), 6 3.52 (t, J =
4 Hz, 2H), 6 3.38 (t, /=4 Hz, 2H), 5 2.79 (t, J = 4 Hz, 2H). MS (ESI): m/z: 263.0 ((M+H]").

Estradiol-EG,NH,: '"H NMR, (400 MHz, Methanol-D4, Reference = 6 3.31): 8 7.88 (s, 1H), 8 6.99 (d, J
=8 Hz, 1H), 6 6.51 (d, /=8 Hz, 1H), 6 6.47 (s, 1H), 6 4.59 (t, /=4 Hz, 2H), 6 3.91 (t, /=4 Hz, 2H), §
3.71 (t, J =4 Hz, 2H), § 3.59-3.67 (m, 14H), 6 3.13 (t, /=4 Hz, 2H), 6 2.72-2.80 (m, 2H), 6 2.43-2.49
(m, 1H), & 1.82-2.16 (m, 6H), & 1.42-1.65 (m, 6H), & 1.26-1.34 (m, 2H), & 1.04 (s, 3H), 0.70 (t, J = 4Hz,
1H). MS (ESI): m/z: 559.0 ({M+H]").
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Preparation of Estradiol-EG/PEG-AuNPs (EE2-PEG-AuNPs). HOOC-PEG-AuNPs (100 mg; 35
wt% PEG, => 35 mg PEG in Au, => 7 x10° moles -COOH since PEG is 5K) was dissolved in 2.5 mL
DMSO (4 wt%) and sonicated until it is well-dispersed. Subsequently, EDC (4.3 mg, 28.0 x10-¢ moles,
155.25 g/mol, 4 eq.) were added. After 10 mins, NHS (3.2 mg, 28 x10°moles, 115.09 g/mol, 4 eq.) were
added. The mixture was sonicated for 5 mins, and was left to react for 20 mins. Finally, £2-EG4-amine
(15.6 mg, 28.0 x 10° moles, 558.34 g/mol, 4 eq.) dissolved in 0.5 mL DMSO was added dropwise and
the reaction was left overnight. The crude mixture was then dialyzed over 50 % water — 50 % MeOH (2

days) and finally over water (2 days) and lyophilized.

Hydrolysis of EE2-PEG-AuNPs / E2 Quantification. 5 mg of EE2-PEG-AuNPs or HOOC-PEG-AuNPs
were dispersed in 1 mL of 6 N HCI and the reaction mixture was heated at 100 °C overnight. Next, the
HCI was evaporated and the remaining solid was dispersed in 1 mL methanol and centrifuged x2 at 3724
g, 4,000 rpm, 30 mins, 25 °C to remove solid particles and obtain the hydrolyzed product (brown for
estradiol-containing NPs and transparent for the negative control). The product was dried, dissolved in 1
mL of fresh MeOH and UV-Vis spectrum was measured. To build the calibration curve, 1 mg of estradiol-
EG,NH, (558 mg/mmol) in 1 mL of 6 N HCl was hydrolyzed at the same conditions and diluted at

different concentrations. The methanol-soluble product(s) had a brown color.

Breast Cancer Cells Internalization Studies with (Alexa 594)/E2-PEG-AuNPs and (Alexa 594)/EE2-
PEG-AulNPs. Human MCF-7 breast cancer cells (breast tissue; mammary gland) were cultured at 37 °C
with 5% CO, in a 25 cm? tissue-culture treated flask in EMEM medium supplemented with 10% FBS and
were then trypsinized at a density of 2 x 10° cells/mL. 1 mL of that culture was splitted into three parts,
and 0.33 mL of the cell culture was added in a tissue-culture treated 12-well plate, followed by addition
of 0.67 mL universal growth media (I mL total volume). After subculturing for 2 days, media was
decanted, and 1 mL of medium or (Alexa 594)/E2-PEG-AuNPs supplemented in medium at 220 pg

Au/mL were added and incubated for 24 and 48 h. To prepare (Alexa 594)/E2-PEG-AuNPs, 1 mg of
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material (containing 67 wt% Au) was dispersed post 5 min sonication in 1 mL medium (667 pg Au/mL),
and 0.33 mL of that solution were added into the 12-well plates containing equal number of MCF-7 cells,
followed by addition medium to reach a volume of 1 mL in total (the metal content was 220 ug Au). After
24 h co-incubation, cells with or without NPs were trypsinized, pelletized, washed twice with PBS to
remove unbound NPs, and redispersed in 1 mL fresh media containing 4% paraformaldehyde for 10 mins.
The cell suspensions were then centrifuged at 1024 g (1100 rpm) for 5 mins to remove unreacted formalin,
and the three obtained cell pellets were finally resuspended in 0.2 mL DI water to concentrate cells. A
drop of each suspension was added on a glass slide, dried under laminar flow in the biosafety cabinet, and
mounted with nail polish in a cover slip. Fluorescence was then measured on a confocal (Leica SP8) laser
scanning microscope at 590/617 nm excitation/emission. The same procedure was repeated for (Alexa

594)/EE2-PEG-AuNPs.

Breast Cancer Cells Binding Studies with (Alexa 594)/EE2-PEG-AulNPs. ER+ MCF-7 breast cancer
cells and TNBC MDA-MB-231 cells were cultured in DMEM medium supplemented with 10% FBS in
a 25 cm? tissue-culture treated flask for 5-6 days and were then trypsinized. 1 mL of that culture was
transferred (at a density of 2.0 x 10° cells/mL) to three 12-well plates, followed by 1 mL of media. After
two days of subculturing, media was decanted, and 2 mL of fresh media (control), or HOOC-PEG-AuNPs
(uncoated-NPs) in media, or (Alexa 594)/EE2-PEG-AuNPs in media at 119 pg Au/mL were added. After
20 h of incubation, media (without and with NPs) was decanted to remove unbound NPs, cells were
washed with media, and trypsinized. Cells were then resuspended in 1 mL fresh DMEM media, mixed
well to break any cell clusters, and passed through a 100 pum Falcon® cell strainer. Flow cytometry studies
were conducted by using only cell singlets and monitoring the same polygon area of interest (gating) for
consistency in all examined samples. Fluorescence was measured on the mCherry channel (ECD; exc./em.
587/610 nm) over the FITC channel (exc./em. 495/519 nm) as a reference. Alexa 594 has a 590/617 nm

excitation/emission.
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Characterization. NMR was acquired in a JEOL 400 MHz NMR equipped with auto sampling and
automatic tuning & matching. For TGA analysis, the samples were vacuum-dried overnight at room
temperature before the analysis, and measured (in triplicate) on a Mettler Toledo TGA thermal analyzer
at a heating rate of 20 °C/min under N,, from 50—600 °C. UV-Vis images were collected on a Thermo
Scientific Evolution 60s between 300-700 nm. TEM images were collected on a Philips CM12 electron
microscope operated with an acceleration voltage of 120 kV. C12-S-AuNPs were prepared at 0.5 mg/mL
in hexane, while HOOC-PEG-AuNPs and E2-PEG-AuNPs were prepared in water at 0.5 mg/mL. To
estimate core size, more than 300 NPs were measured and analyzed with ImageJ. For HPLC analysis, 20
uL of estradiol standards at 0-132 uM dissolved in DMSO or hydrolyzed NPs at 4 mg/mL were injected
into a Phenomenex Column Prodigy 5 um 150 x 4.6 mm ODS(2) at a flow rate of 1 mL/min. A solvent
gradient of 40 % v/v acetonitrile in water was used, which linearly rose to 100 % (v/v) acetonitrile at 10
mins. This flow rate remained constant for 12 more mins, and was then decreased back to 40 % v/v
acetonitrile in water. The products were identified by using Agilent 1100 Series multiple wavelength
detectors at 280 nm. Methanol washes were run after each sample to zero the baseline. The hydrodynamic
size was measured by DLS at 25 °C on a Malvern Zetasizer Nano ZS90 with a He/Ne laser (633 nm) at
173° collecting optics. NP dispersions were prepared at 0.83 and 0.33 mg/mL using DI water or DMEM
containing 10% FBS (both were filtered with a 0.2 pm syringe filter). DI water was used as a negative
control (~0 counts). Data were analyzed by Malvern Dispersion Technology Software 4.20. Confocal
fluorescence images were collected on a Leica SP8 confocal laser scanning microscope at 590/617 nm
excitation/emission. Flow cytometry was conducted in a Beckman Coulter CytoFLEX S cell analyzer
(CILS Core Facility, Northeastern University). Analysis was performed using Floreada software. Micro-
CT images were collected on a MILabs VECTor® CTUHR at the following scanning parameters: 50 keV,
0.21 mA current, 70 sec exposure time, total image time 3-6 min. All images were set at the same color

scale, gray <-1000,3000>.

22


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00016a

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 10:09:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances Page 24 of 29

View Article Online
DOI: 10.1039/D6MAO0016A

SUPPLEMENTARY MATERIALS

Figures S1-S23 are available online.
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