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Abstract: Breast cancer is one of the leading causes of cancer-related morbidity and mortality in
women worldwide. Early diagnosis and effective treatment of all types of cancers are crucial for a
positive prognosis. Patients with small tumor sizes at the time of their diagnosis have a significantly
higher survival rate and a significantly reduced probability of the cancer being fatal. Therefore, many
novel technologies are being developed for early detection of primary tumors, as well as distant
metastases and recurrent disease, for effective breast cancer management. Theranostics has emerged
as a new paradigm for the simultaneous diagnosis, imaging, and treatment of cancers. It has the
potential to provide timely and improved patient care via personalized therapy. In nanotheranostics,
cell-specific targeting moieties, imaging agents, and therapeutic agents can be embedded within a
single formulation for effective treatment. In this review, we will highlight the different diagnosis
techniques and treatment strategies for breast cancer management and explore recent advances in
breast cancer theranostics. Our main focus will be to summarize recent trends and technologies in
breast cancer diagnosis and treatment as reported in recent research papers and patents and discuss
future perspectives for effective breast cancer therapy.

Keywords: breast cancer; imaging modalities; mammography; breast specific gamma imaging;
triple-negative breast cancer; theranostics

1. Introduction

Breast cancer has a very long history as it was first reported by the ancient Egyptians
more than 3500 years ago in about 1500 B.C [1]. Today, breast cancer is the second most
prevalent type of cancer and is a leading cause of most cancer-related deaths in women in
the United States [2]. Around 281,550 women are projected to be diagnosed with breast
cancer in 2021, and 43,600 women are predicted to die due to breast cancer in the US,
according to the American Cancer Society. Early diagnosis of the disease is crucial for
effective treatment and positive prognosis, as significantly lower probability of dying and
higher survival rate is observed in patients with smaller tumors at the time of diagnosis [3].
Early detection of breast cancer and accurate lesion assessment are, therefore, the primary
focus of all imaging modalities. At present the two major pillars to be addressed for
effective management of breast cancer disease include: (i) diagnosis of breast cancer in its
earliest stages and (ii) providing timely treatment after diagnosis to save lives.

Imaging of the breast is utilized almost exclusively for detection, diagnosis, and
clinical management of cancers and for the assessment of the integrity of breast implants
(Figure 1) [4]. As a conventional medical imaging modality, ultrasound has played a
key role in breast cancer detection, image-guided biopsy, and lymph-node diagnosis
for many years. Mammography, ultrasonography, magnetic resonance imaging (MRI),
scintimammography, single photon emission computed tomography (SPECT), and positron
emission tomography (PET) are other commonly used imaging modalities [5–7]. Based

Pharmaceutics 2021, 13, 723. https://doi.org/10.3390/pharmaceutics13050723 https://www.mdpi.com/journal/pharmaceutics

https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0002-0762-3513
https://www.mdpi.com/article/10.3390/pharmaceutics13050723?type=check_update&version=1
https://doi.org/10.3390/pharmaceutics13050723
https://doi.org/10.3390/pharmaceutics13050723
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pharmaceutics13050723
https://www.mdpi.com/journal/pharmaceutics


Pharmaceutics 2021, 13, 723 2 of 24

on the diagnosis and assessment of the extent of breast cancer, the need for preoperative
(neoadjuvant) systemic therapy is determined. Targeted and effective therapies with
minimal off-target side effects are needed for breast cancer treatment. As breast cancer is a
global problem, major emphasis also needs to be put on diminishing worldwide disparities
in terms of access to diagnosis, multimodal treatment, and novel drugs.

Figure 1. Representation of the various imaging techniques that can be used in breast cancer diagnosis.

For this review, we conducted a literature search within the Google Scholar and
PubMed databases using the keywords: “Breast Cancer”, “Imaging”, and “Treatment”
in the title field, with dates from 2000 to 2021. After reading the abstracts, we manually
selected the relevant papers for this review. In this review article, we examine various
detection techniques for breast cancer, provide an in-depth analysis on the therapies for
different subtypes of breast cancer, and investigate recent trends and the future of breast
cancer theranostics.

2. Techniques for Diagnosis or Detection of Breast Cancer

Early diagnosis is a key to successful breast cancer treatment. T1 tumors measuring
less than 2 cm in diameter have a 10-year survival of approximately 85%, while T3 tumors—
essentially the result of delayed diagnosis—have a 10-year survival of less than 60% [8].
Imaging techniques commonly used for detection of breast cancer are summarized in
Table 1.
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Table 1. Summary of various imaging modalities for screening of breast cancer.

Imaging Modality Principle Diagnostic Accuracy Advantages Limitations References

Mammography
(First-line tool for
breast screening)

Low-dose ionizing
x-ray creates detailed
images of the breast.

Sensitivity: 75–90%
Specificity: 90–95%

Spatial Resolution: 50 µm

Most cost-effective.
Good response with
high specificity and

sensitivity.
Portable device.

Uses ionizing radiation.
Sensitivity decreases

with increasing breast
density.

Accuracy is low in
young women.

High false-positive
results in young

women due to dense
breasts.

Poor contrast
compared to MRI.

[9–12]

Magnetic Resonance
Imaging

Uses low-energy
radio waves and

strong magnets to
obtain detailed

images of structures
within the breast

Sensitivity: 75–100%
Specificity: 83–98.4%
Spatial Resolution:

25–100 µm

Ability to detect
breast malignancies

that often escape
from clinical,

mammograms, and
ultrasound detection.

Expensive,
inability to standardize

the test.
Unnecessary breast

biopsies due to inability
to distinguish between
malignant and benign

lesions.

[13,14]

Magnetic Resonance
Spectroscopy

Employs magnetic
field on body fluids

and tissue samples to
obtain chemical

information of that
region

Sensitivity: 93%
Specificity: 70%

Spatial Resolution: up to
0.25 cm3

Overcomes
limitations of

mammography.
Radiation-free

imaging technology.
Excellent Sensitivity.

Excellent spatial
resolution.

All imaging planes
possible.

Expensive and
time-consuming.
Low specificity.
Not portable.

False-positive results in
some benign tumors.

[15–18]

Dynamic Contrast
Enhanced MRI

(DCE-MRI)

Multiple MRI scans
taken post i.v.

injection of contrast
agent

Sensitivity: 89–99%
Specificity: 37–86%
Spatial Resolution:

25–100 µm

Exhibits good
performance in

monitoring response
post therapy.

False-negative results
observed due to

artifacts based on
bleeding and tumor

structure.

[14,19–21]

Diffusion-Weighted
Imaging

Employs diffusion of
water molecules to
generate contrast.

Sensitivity: 83%
Specificity: 84%

Spatial Resolution:
25–100 µm

Non-radioactive
imaging technique

Failure to detect high
water content

malignant lesions due
to high apparent

diffusion coefficients.

[14,22]

MR Elastography
(MRE)

Dynamic elasticity
imaging technique
that combines MRI
imaging with low

frequency.
Employs mechanical

waves to create an
elastogram to assess

tissue stiffness.

Sensitivity: 90–100%
Specificity: 37–80%
Spatial Resolution:

25–100 µm

Non-invasive,
non-ionizing and

cross-sectional
imaging modality

Lacking in spatial
resolution and

detection of small focal
lesions.

[14,23,24]

Positron Emission
Tomography

conjugated with
computed

Tomography
(PET-CT)

Combines nuclear
medicine technique

and computed
tomography

resulting in high
detailed images.

Sensitivity: 90–100%
Specificity: 75–90%

Spatial Resolution: 2–10
mm

Non-invasive.
Provides twice the
diagnostic benefits
(Elevated activity
within the body

detected by PET scan
and intricate images
of tissues and organs

by CT scan).

High-cost.
Unable to detect

tumors less than 8 mm.
[14,23]

Sentinel lymph node
biopsy (SLNB)

Surgical procedure to
detect spreading of
cancer in lymphatic

system.

Sensitivity: 90.5%
Specificity: 85.7%

Spatial Resolution: Not
Applicable

Significantly reduces
post-operative
complications

Not useful for patients
with locally advanced

cancers and
inflammatory breast

cancer.

[24,25]
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Table 1. Cont.

Imaging Modality Principle Diagnostic Accuracy Advantages Limitations References

Breast Specific
Gamma Imaging

Employs use of a
radiotracer.

Image captured using
a special camera.

Sensitivity: 90–96%
Specificity: 71–80%
Spatial Resolution:

≥7 mm

Able to identify
smaller lesions

(<1 cm)

High radiation dose.
Not suited for routine

tumor screening.
[26–28]

Ultrasound
Employs sound
waves to image

breast tissues

Sensitivity: 80–89%
Specificity: 34–88%
Spatial Resolution:

50–500 µm

Accessible, real-time
lesion visualization,

cost-effective, patient
compliant.

Failure to detect
microcalcifications,

possibility of
false-positives.

[14,29,30]

2.1. Mammography

A mammogram is an x-ray of the breast that can reveal benign or malignant abnor-
malities. It is obtained by applying a small dose of radiation through the breast post
compression between two plates to produce an x-ray image. Mammograms can be utilized
for both screening and diagnosis [31]. Mammogram screening is performed as an attempt
to detect any early signs of breast cancer, even before symptoms occur, to decrease mortality
by early diagnosis. Diagnostic mammogram assists in detecting breast cancer if a woman
experiences symptoms, for instance, a lump that can be felt in her breast [32]. In 2009,
new mammography screening guidelines were issued by the U.S. Preventive Services Task
Force (USPSTF) with a recommendation that routine screening mammography for women
under age 50 is not needed, whereas its earlier stance was in accordance with American
Cancer Society guidelines, which recommended mammography every one to two years
for all women age 40 and older [31–34]. In addition, since radiologists assess informa-
tion subjectively, breast density cannot be utilized to infer the information ingrained in a
mammogram [35]. For instance, patients may have appreciably different mammograms,
each with vastly different outcomes, but have the same breast density assessment value.
In previous studies, mammography results have been used to develop statistics related
to glandular tissue volume. However, these automated methods of evaluating breast
density are not sufficient to predict breast cancer prevalence [36]. Recently, gold-based
nanoformulations have shown promise in significantly enhancing the contrast in mammo-
graphic images [37]. Mammographic density can improve the accuracy of breast cancer
risk models. More accurate risk prediction can also be achieved by a mammography-based
deep learning (DL) model [36].

2.2. Magnetic Resonance Imaging

Breast MRI is a non-invasive and non-ionizing diagnostic imaging tool that employs
low-energy radio frequency waves and a magnetic field to obtain detailed images of
structures within the breast [38]. MRI can be used to measure the size of the cancer
and look for metastasized tumors in women who have been previously diagnosed with
breast cancer. Tumors with size less than or equal to 2 cm have been accurately identified
and measured using MRI. However, larger breast tumors are often overestimated due
to the abnormal breast tissue encompassing the actual lesion, which can lead to greater
mastectomy rates [39,40]. Goldsmith et al. first described the use of nuclear MRI for
the breast 40 years ago [41]. Several uses of MRI for the breast, including screening the
high-risk population, have been recommended by the American College of Radiology [42].
MRI has the ability to detect suspected breast malignancies that often escape clinical,
mammographic, and ultrasound detection [37]. Fe3O4, gadolinium(III)-, and Mn(II)-based
contrast agents are commonly used for preoperative assessment, especially to visualize
axillary lymph nodes of the breast [43]. To reduce the possibility of off-target toxic effects
and increase specificity towards breast cancer, these contrast agents may be encapsulated
within breast cancer-targeting polymeric carriers [44,45]. Because of the high sensitivity and
lower specificity of breast MRI, it is widely used in breast cancer diagnostics, thus, resulting
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in an increase in incidental findings. It is imperative that these findings be histologically
assessed before any surgical intervention [46,47].

2.3. Dynamic Contrast Enhanced MRI (DCE-MRI)

Dynamic contrast-agent-enhanced breast MRI works by analyzing the temporal en-
hancement pattern of a tissue following the intravenous injection of a paramagnetic contrast
agent. This non-invasive imaging technique quantitatively determines the extent of tissue
vascularization, interstitial space composition, and differentiation of lesions [48]. This
imaging modality is useful to depict tumor angiogenesis with overall recurrence and
overall survival of breast cancer patients [49–51]. As a result, lymph node metastasis that
occurs due to greater angiogenesis in breast cancer can also be predicted using this imaging
modality. DCE-MRI, when combined with a computer-aided diagnosis technology, such as
texture analysis, can also be used to identify estrogen receptor positive (ER+) breast cancer
subtypes [52]. DCE-MRI technique is non-invasive and three-dimensional, which allows
visualization of the extent of disease before morphological alterations and helps to predict
the overall response either before the start of therapy or early during treatment [53,54].
Unlike mammography, DCE-MRI is not limited by breast tissue density. However, a central
limitation of DCE-MRI is that it is non-specific [55].

2.4. Magnetic Resonance Elastography

Magnetic resonance elastography (MRE) can be used to obtain details on tissue me-
chanical properties in vivo [56]. Following application of an external stress, breast MRE,
a non-invasive, non-ionizing, and cross-sectional imaging modality, can quantitate the
viscoelastic properties of breast tissues [57]. Breast cancers often have a higher stiffness
due to increase in the number of cells, collagen, and proteoglycans compared to the normal
surrounding tissues and benign lesions [58,59]. Although manual palpation is commonly
used for routine screening of the breast, it lacks specificity and sensitivity. This is where the
limitations of manual palpation can be overcome by MRE scanning of the breast [60–62].
While the initial results are encouraging, the most significant limitation for MRE in breast
cancer is spatial resolution and detection of small focal lesions due to the overlap in the
soft malignant tumors and stiff benign lesions elasticity ranges [63].

2.5. Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is a form of unenhanced MRI that uses the diffu-
sion of water molecules to generate contrast in MR images to address some of the short-
comings faced by regular breast MRI [64–66]. The potential benefits of DWI techniques
include improved differentiation of benign and malignant breast lesions and assessment
and prediction of therapeutic efficacy [67]. DWI has enabled the identification of breast
cancer particularly in dense breasts. However, the sensitivity of DWI tends to be variable
compared to contrast-enhanced MRI [68]. Technical innovations are helping to overcome
many of the image quality issues that have limited widespread use of DWI for breast [69].
While DWI may be an accurate and nonradioactive imaging technique, it has still not
achieved its full potential. Detailed investigations and clinical trials are now warranted to
prove DWI’s ability to facilitate the diagnostic work-up of the diseases.

2.6. Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) can measure a chemical “spectrum” in the
region using high magnetic field strengths (typically 11–14 T) on body fluids, cell extracts,
and tissue samples, providing additional information about the chemical content in the
region [70,71]. The in vivo 1H MRS protocol with the addition of MRI procedure further
increases the overall acquisition time by approximately 10 min and has the advantage to
improve the diagnostic accuracy of clinical breast MR [72,73]. The MRS specificity has been
reported to be approximately 88%; however, the requirement of slightly larger lesions and
poor sensitivity to detect total choline (tCho) (a phosphocholine metabolite elevated in
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breast malignancies and used as a diagnostic biomarker) signal is one of the limitations
of this imaging modality [16,74,75]. There has been considerable progress on breast MRS
in the last decade; however, multiple factors can potentially limit MRS, like optimization
of analysis methods and complexity of acquisition procedures, that need to be addressed
before including this imaging modality in a clinical setting.

2.7. Positron Emission Tomography (PET) Scanning and PET in Conjunction with
Computer-aided Tomography (CT) Scanning (PET-CT)

Positron emission tomography (PET) imaging has been widely adopted as an impor-
tant clinical modality for oncology. Even though many types of PET radiotracers have been
developed to non-invasively interrogate in vivo tumor metabolism, 2-deoxy-2-(18F)fluoro-
D-glucose (FDG) is the most widely used US FDA approved PET radiotracer that takes
advantage of the enhanced glucose metabolism of cancer cells [76]. Cancerous cells are
highly proliferative and have a higher glucose metabolism rate than normal cells. FDG
PET radiotracers enter cells via the glucose transporter and are, thus, taken up in greater
amounts by tumor cells than by healthy cells [77]. FDG uptake inversely correlates with
prognosis [76–78].

PET-CT is a combination of PET (a nuclear medicine technique) and CT that pro-
duces highly detailed views of the body. The improved spatial resolution and sensitivity
of PET scanners dedicated to breast (positron emission mammography) has allowed its
clinical application in the study of primary tumors [79,80]. Numerous studies have shown
that hybrid imaging with 18F-FDG PET/CT provides information about the cellular glu-
cose uptake, which is elevated in malignant lesions [81–84]. Jørgensen et al. observed
significantly reduced uptake of 18F-FDG by tumor cells following nanoparticle-assisted
photothermal therapy, indicating that it can be effectively used as a marker to assess treat-
ment responses [85]. Physicians use PET-CT studies to diagnose and stage the cancer, plan
treatment, evaluate the effectiveness of treatment, and manage ongoing care.

2.8. Molecular Image-Guided Sentinel Node Biopsy

Sentinel lymph node biopsy (SLNB) is a revolutionary, minimally-invasive method
to determine whether metastasis has occurred in early-stage breast cancer patients. De-
pending on the nodal metastatic status, SLNB is usually conducted to select the optimal
therapeutic approach [86]. SLNB technique is well known for its significantly reduced
post-operative complications associated with conventional axillary lymph node dissec-
tion [87,88]. This makes effective SLNB management key towards successful breast cancer
diagnosis and treatment. Accurate SLNB guidance should limit the amount of invasive
procedures needed and determine if multiple-basin drainage is occurring through localiz-
ing sentinel lymph nodes, thus, improving the staging accuracy in women with invasive
breast cancer [89].

2.9. Breast Specific Gamma Imaging

Breast specific gamma imaging (BSGI), a molecular breast imaging approach, is a
specialized nuclear medicine imaging test that allows detection of sub-centimeter and
mammographically occult breast cancer with a sensitivity and specificity comparable to
MRI [26]. In BSGI, a radiotracer such as Technetium Tc99m Sestamibi is injected into
the patient’s bloodstream and the breast is visualized using a special camera [90–92].
Unlike mammography, BSGI is unaffected by breast density [93,94]. The modern BSGI
has improved sensitivity for the detection of sub-centimeter lesions compared to scinti-
mammography [95]. The major drawback of this technique is that, since the whole body
gets exposed to the radiation, it is not possible to employ this for frequent breast cancer
screening [96].

2.10. Ultrasound

Although mammography is a gold standard for breast cancer imaging, because of
its limitations regarding dense breasts, another supplementing screening tool is required.
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Ultrasound is a supplemental tool that may be utilized to analyze some breast changes
in women with dense breast tissues, as well as suspicious areas not seen on a mammo-
gram [97]. Advantages of this technique include its wide availability, as well as no patient
exposure to radiation. At the same time, however, it is limited by a number of factors. Most
notably, it may fail to detect microcalcifications, and it may miss some early signs of cancer.
Because of this limitation, this technique is not used to screen for breast cancer and is
reserved for special situations. The fusion of ultrasound with other modalities [98,99]. such
as ultrasound imaging techniques and ultrasound-guided biopsy, provides important tools
for the management of breast cancer patients. Ultrasound elastography is now a routine
noninvasive tool used to measure the consistency or hardness of the tissues to differentiate
benign and malignant breast lesions [100,101]. Contrast-enhanced ultrasound and other
modalities fused with ultrasound are other tools that may be useful in the noninvasive
prediction of prognostic factors of breast cancer [102]. Complementary high resolution
ultrasound is excellent for detecting breast lesions when in expert hands [103]. On the
basis of existing literature, it was found that fusion of other modalities with ultrasound
may be an effective primary detection tool for breast lesions, particularly in low- and
middle-income countries with low-resource settings and where mammography and other
expensive techniques are not available [104].

From the literature discussed above, we can see that, although ultrasound and mam-
mography remain the most commonly used conventional methods of diagnosing breast
cancer, other modalities such as DCE-MRI, MRE, PET, PET-CT, SLNB, and BSGI are now
being considered for efficient collection of data. For example, most mammography meth-
ods can only be used to gather information about one breast, while MRI can be used to
collect data from both breasts at the same time. Use of contrast agents can also enhance the
quality of the data obtained for breast cancer diagnostics.

3. Current Treatment and Novel Therapies for Different Subtypes of Breast Cancer

Breast cancer diagnosis by breast examination, mammography, breast ultrasound,
MRI, and other imaging modalities can help identify tumors and other abnormalities in
the tissue, as described above. These imaging modalities can help find a lump, an area of
microcalcification, a suspicious area on ultrasound, or a gadolinium-enhanced area on MRI.
Once breast cancer is identified using one of the diagnostic modalities discussed above,
immediate and rigorous treatment must be provided to remove the tumor and prevent
further spread of the cancer. One of the major challenges for breast cancer treatment
is its heterogeneous nature, which affects the response to therapy [105]. By evaluating
the presence of biomarkers such as hormone receptors (HRs), excess levels of human
epidermal growth factor receptor 2 (HER2) protein, and/or extra copies of the HER2
gene [106,107], treatments that are most effective against a particular type of breast cancer
can be determined and administered (Figure 2). Based on the upregulation of genes, there
are five main intrinsic or molecular subtypes of breast cancer:

• Luminal A breast cancer is low grade, HER2– and HR+ (estrogen- and/or progesterone-
receptor positive), that has low levels of the protein Ki-67, which are responsible for
controlling how fast cancer cells proliferate. Luminal A cancers tend to proliferate
slowly with an excellent prognosis compared to other cancers.

• Luminal B breast cancer is a molecular subtype of breast cancer in which the tumors
are HR+ (progesterone-receptor and/or estrogen-receptor positive) and show elevated
levels of the protein Ki-67 while being either HER2– or HER2+. Luminal B cancer
subtype is associated with faster proliferation rate and tends to be more aggressive
compared to Luminal A breast cancer, making its prognosis slightly worse [108].

• Triple-negative/basal-like breast cancer is HR– (estrogen-receptor and progesterone-
receptor negative) and HER2–. Women with BRCA1 gene mutations are more prone
to develop this form of cancer [109].

• HER2-enriched breast cancer is a molecular subtype of breast cancer in which tumors
are HER2+ and HR– (i.e., negative for estrogen- and progesterone-receptor). This
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subtype is associated with a tendency to proliferate at a more rapid rate than luminal
cancers [91]. However, patients are successfully treated with drugs targeting the HER2
protein, such as Tykerb (lapatinib), Herceptin (trastuzumab), Perjeta (pertuzumab),
and Enhertu (fam-trastuzumab-deruxtecan-nxki) [110].

• Normal-like breast cancer is identical to luminal A cancer as it is HER2–, HR+
(estrogen- and/or progesterone-receptor positive) with reduced levels of the Ki-67
protein. The prognosis of normal-like breast cancer is, however, slightly worse than
the luminal A cancer.

Figure 2. Novel FDA-approved targeted therapies for the treatment of molecular subtypes of breast cancer.

There are several FDA-approved drugs currently used in the treatment of breast
cancer (Table 2). The prodrug tamoxifen (brand name: Nolvadex) is a partial agonist
that blocks estrogen uptake by the estrogen receptor (ER) [111,112]. Studies have shown
that the risk of ER+ breast cancer recurrence can be reduced by half with tamoxifen [113].
However, similar to most anti-cancer therapies, tamoxifen has known side-effects and has
been found to be associated with a number of increased health risks, such as endometrial
cancer, blood clots, and stroke [114,115]. Aromatase inhibitors (AIs) block estrogen from
being produced in postmenopausal women, suppressing the conversion of androgens
to estrogens, thus, resulting in estrogen depletion. Three generations of AIs have been
developed. The first-generation (e.g.: aminoglutethimide) and second-generation AIs
(e.g., fadrozole and vorozole) are less selective with decreased production of cortisol and
aldosterone, in addition to aromatase. They are also poorly tolerated with limited clinical
efficacy [116]. On the other hand, third-generation AIs (e.g.: anastrozole (brand name:
Arimidex), letrozole (brand name: Femara), and exemestane (brand name: Aromasin))
are highly selective for the enzyme aromatase and are tolerated fairly well. As a result,
they have surpassed tamoxifen as first-line therapy for postmenopausal women with
HR+ metastatic breast cancer with excellent response rates and delayed progression. AIs
have additionally shown incremental improvement in disease-free survival, lower local
and metastatic recurrence rates, and a lower incidence of contralateral breast cancer over
tamoxifen [117].
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Table 2. List of therapeutic drugs used in the treatment of different types of breast cancer, and their status.

Drug Drug Class Subtype of Breast Cancer
Treated Status References

1 Tamoxifen
(Brand name: Nolvadex) Anti-estrogen ER-positive breast cancer Approved [111–113]

2 Aminoglutethimide, Fadrozole and
Vorozole

First- and
second-generation

AIs
ER-positive breast cancer Approved [116]

3 Anastrozole (Brand name:
Arimidex)

Third generation AIs ER-positive breast cancer Approved [118–120]4 Letrozole (Brand name: Femara)

5 Exemestane (Brand name:
Aromasin)

6 Goserelin and Leuprolide - LH-RH sensitive breast cancer Approved [121]

7 Fulvestrant SERD Degrader Breast cancer Approved [122,123]

8 Ribociclib (LEE011)

CDK4/6 inhibitor
Epidermal growth factor

receptor 2-negative advanced or
metastatic breast cancer

Approved

[124–126]9 Palbociclib (PD0332991) Approved

10 Abemaciclib (LY2835219) Approved

11 Buparlisib pan-PI3Ki
(HER2)-negative,

PIK3CA-mutated, advanced or
metastatic breast cancer

Approved [127,128]

12 Pictilisib

PI3K inhibitor HR+/HER− advanced breast
cancer

Phase I clinical trial [129,130]

13 Pilaralisib (XL147) Phase I/II
dose-escalation study [131,132]

14 Voxtalisib Phase I/II
dose-escalation study [132]

15 Trastuzumab (Herceptin)
mAb HER2-overexpressing breast

cancer
Approved [133–135]

16 Pertuzumab Approved [136]

17 Neratinib TKI advanced or metastatic HER2+
breast cancer Approved [137]

18 Patritumab anti-HER3 mAb HER2+ advanced breast cancer Preclinical models [138]

19 Bevacizumab anti-GF mAb
TNBC patients with germline
mutations/ HER2-negative

breast cancer
Approved [139]

20 Sacituzumab govitecan-hziy Antibody–drug
conjugate

Relapsed or refractory
metastatic TNBC Approved [140]

21 T-DM1 (Kadcyla) Antibody–drug
conjugate

HER-2 metastatic prescription
adjuvant treatment when the

patient has taken neoadjuvant
treatment with trastuzumab

(Herceptin) and a taxane

Approved [141]

22 Enhertu Antibody–drug
conjugate

HER-2 metastatic that has
resurged and cannot be

removed surgically
Approved [142]

23 Pembrolizumab (Brand name:
Keytruda) IgG4-k mAb

metastatic TNBC or TNBC that
has resurged and cannot be

surgically removed
Approved [143]

24 Atezolizumab combination with
nab-paclitaxel mAb PD-L1+ TNBC Approved [144]

Luteinizing hormone-releasing hormone (LH-RH) analogs (goserelin and leuprolide)
suppress the production of hormone from the ovaries [121]. LH-RH agonists act by pituitary
desensitization and receptor downregulation, thereby suppressing gonadotrophin release.
LH-RH exerts direct anticancer activity on malignant tissue that is independent from
the suppression of the ovarian steroid synthesis and secretion [145,146]. Fulvestrant, a
selective estrogen receptor degrader (SERD), is another drug that is suitable for breast
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cancer patients refractory to previous hormonal therapy. This is the first selective ER
down regulator that is available clinically. This pure anti-estrogen results in degradation
of ER alpha (α), has no agonistic effects, and has also demonstrated activity in tamoxifen-
resistant breast cancer models [122]. Fulvestrant is the first SERD to enter into the clinical
arena and a suitable backbone for combination therapy with new targeted agents for
endocrine treatment of breast cancer. Preclinical studies have demonstrated that fulvestrant
downregulates the expression of ERα in ER+ breast cancer cell lines without decreasing ERα
gene (ESR1) transcripts along with inhibition of ER-responsive genes [147]. Fulvestrant can
additionally block the non-genomic actions of estradiol on the G-protein coupled estrogen
receptor (GPER), an alternate ER with a structure distinct from the two canonical ERs
(ERα and ERβ) that is expressed in 50–60% of breast cancer, and which has been surmised
to be related to the development of resistance towards tamoxifen in ERα+ breast cancer
patients [148]. The proliferation of ER+ breast cancer cells is prevented through these
processes. Additionally fulvestrant is also effective in those cell lines that are resistant to
tamoxifen [149,150]. Patient derived xenograft models of ER+ breast cancer corroborated
fulvestrant’s antitumor activity. Thus, we can conclude that it is more efficacious compared
to tamoxifen or estrogen withdrawal [151]. Endocrine drugs work by different mechanisms,
and thus, they are usually used as a combinational therapy for better anticancer efficacy.
Nevertheless, there are conflicting results reported. It is generally believed that patients
with endocrine-therapy-naïve advanced breast cancer and those with highly endocrine-
sensitive tumors may benefit the most from combination endocrine therapy [152–155].
Several other biomarkers have emerged as potential targets for breast cancer therapy as
described below.

3.1. Cyclin-Dependent Kinases 4/6 (CDK4/6) Pathway

CDK4/6 are pivotal drivers for cell proliferation as they combine with cyclin D
proteins, which regulate cell processes during the G1 phase of the cell cycle. Complete
understanding of this cell cycle regulation may lead to promising cancer therapies [124].
Numerous studies are being carried out to explore drugs inhibiting CDK4/6 and assess the
efficacy and drug safety for the treatment of breast cancer [156]. As a result of severe adverse
events and less activity, the development of pan-CDK inhibitor flavopiridol [157] was
subsequently discontinued, and then, highly specific inhibitors, namely, ribociclib (LEE011),
palbociclib (PD0332991), and abemaciclib (LY2835219), were extensively researched and
developed [124–126]. US FDA has approved palbociclib and ribociclib for the treatment of
HR+, HER2–, or metastatic breast cancer. Recent clinical trial data suggest that significantly
improved clinical outcome of palbociclib was achieved when combined with letrozole or
fulvestrant [158–161].

3.2. Phosphoinositide 3-kinase (PI3K) Pathway

The PI3K pathway, also called phosphatidylinositol 3-kinases, is the most commonly
activated signaling pathway in human cancer. They are a family of enzymes that are
involved in cellular functions linking oncogenes and multiple receptor classes and con-
stitute a critical signal transduction system [162]. The phosphatidylinositol-3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway (PI3K/AKT/mTOR path-
way) plays a key role in cancer [126]. Pan-PI3Ki bind to PI3K isoforms in a selective and
ATP competitive manner. The combination of PI3K inhibitors with aromatase inhibitors
has been used as second-line treatment for HR+/HER− advanced breast cancer. A potent
and highly specific oral pan-class I PI3K inhibitor (pan-PI3Ki), buparlisib is currently under
investigation in patients with a variety of solid tumors, including breast cancer [127,128].
According to a new study, toxicities associated with buparlisib make it a poor option for
the treatment of patients with HR+, HER2– advanced breast cancer that progressed on
or after mTOR inhibitor therapy. The efficacy of the agent, however, suggests that PI3K
inhibitors, along with endocrine therapy, remain a reasonable approach in patients with
PIK3CA mutations [128].
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Another pan-PI3Ki that displays equipotent inhibition of the p110α and –δ PI3K iso-
forms and less potent inhibition of p110β and –γ isoforms is pictilisib [129]. In a phase
I dose-escalation clinical trial of 60 patients with advanced solid tumors (NCT00876109),
pictilisib was found to be overall safe in patients but with severe side-effects, such as
hyperglycemia, rash, and pneumonitis [140]. Additionally, pilaralisib, also known as
XL147, is an orally bioavailable small molecule with potential antineoplastic activity [131].
XL147 selectively targets and binds reversibly to class 1 PI3Ks thereby inhibiting tumor
cell proliferation within tumors that are susceptible. Tumorigenesis is often related to the
activation of the PI3K signaling pathway. In a Phase I/II dose-escalation study, pilaral-
isib (SAR245408), or voxtalisib (SAR245409), a PI3K and mammalian target of rapamycin
inhibitor, in combination with letrozole, was evaluated for its efficacy, safety, and pharma-
cokinetics in HR+, HER2–, non-steroidal AI-refractory, recurrent, or metastatic breast cancer.
As compared to voxtalisib, patients who were administered with pilaralisib demonstrated
increased glucose levels compared to those who were administered voxtalisib. In con-
clusion, a limited efficacy and an acceptable safety profile in endocrine–therapy-resistant
HR+, HER2– metastatic breast cancer was observed in patients treated with pilaralisib or
voxtalisib combined with letrozole, as shown [132].

3.3. Targeting HER2+ Breast Cancers

HER2+ breast cancer (HER2+ BC) is characterized by drug resistance and a high rate
of metastasis. Targeted therapy drugs have been shown to greatly improve the prognosis
of HER2+ BC patients, but drug resistance or severe side effects have limited the clinical
application of targeted therapy drugs. Various strategies are being researched to overcome
drug resistance and to attain a more effective treatment. The HER2 oncogene (HER2,
HER2/neu, c-erbB-2) is situated on chromosome-17 [163,164], and the main function of
this oncogene is to encode transmembrane receptor tyrosine kinase [165]. Tyrosine kinase
receptors play a key role in mediating various cellular functions, such as cell motility, prolif-
eration, metabolism, and differentiation, that are based on cell-to-cell communication [140].
These receptors consist of a singular transmembrane helix, extracellular ligand domain and
an intracellular region of a tyrosine kinase domain, juxtamembrane region, and a carboxy
terminal tail [140]. Tyrosine kinase inhibitors competitively inhibit tyrosine phosphoryla-
tion and block tyrosine kinase enzyme activity, thus, resulting in downregulation of many
cellular functions [166]. Neratinib (NERLYNX, Puma Biotechnology, Inc., CA, USA), an
irreversible tyrosine kinase inhibitor (TKI) of HER1/HER2/HER4, has been reported to
significantly improve the 2-year invasive disease-free survival after trastuzumab-based
adjuvant therapy in HER2+ BC [137]. Neratinib, in combination with capecitabine, was
approved by the US FDA on 25 February 2020 for treating patients with advanced or
metastatic HER2+ BC previously treated with two or more anti-HER2 based regimens
in the metastatic setting. Another example of TKI is Lapatinib, which competitively in-
hibits ATP-binding sites intracellularly and reversibly blocks phosphorylation of HER1 and
HER2 [167]. A phase III study of lapatinib, in combination with an anti-neoplastic drug
paclitaxel, demonstrated an increase in the survival rate of patients with HER2 metastasis
breast cancer [168]. Another drug moiety, tucatinib, exhibited greater selectivity for HER2
in a phase I study of advanced disease patients along with reduced occurrence of diarrhea,
as reported by patients that received other TKIs [169].

Compared with HER2– tumors, HER2+ BC is an aggressive subtype that demonstrates
unique epidemiological, clinical, and prognostic differences with poor response to standard
chemotherapy regimens [170]. About 30% of breast cancer patients have been evaluated
for the expression of HER2, which is generally recognized as a marker for invasive disease
that is likely to be highly metastatic, drug resistant, and to spread rapidly [171–173].
There has been remarkable advancements in therapies for managing HER2+ BC in the last
20 years, specifically, targeted treatments that are HER2 expression level dependent [174].
A humanized monoclonal antibody (mAb), trastuzumab (herceptin), targeted towards
the HER2 ectodomain, has demonstrated activity in HER2-overexpressing breast cancer
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patients. Trastuzumab effectively inhibited basal and induced HER2 cleavage, resulting in
the generation of phosphorylated p95 [171]. Another mAb, pertuzumab, binds to a different
epitope of the HER2 dimerization domain than trastuzumab, preventing interactions with
other receptors in the HER2 family that lead to cell growth inhibition [175,176]. The
direct inhibitory action on the extracellular domain of HER2 has largely contributed to the
HER2-directed mAbs antitumor efficacy.

Patritumab, a human anti-HER3 mAb, through inhibiting the formation of HER2/HER3
heterodimers, has shown anticancer activity in preclinical models. It was found to exhibit
favorable efficacy and acceptable tolerability in patients with HER2+ advanced breast
cancer [138]. The pharmacokinetic profile for patritumab was determined based on the
target trough level, and efficacy was evaluated based on the overall response rate and
progression-free survival.

3.4. Treating Triple-Negative Breast Cancer

Triple-negative breast cancer (TNBC) accounts for about 10–15% of all breast can-
cers [177]. In TNBC, the cancer cells do not possess estrogen or progesterone receptors
and also do not produce too much of the protein HER2 [178]. As compared to other
breast cancer subtypes, TNBC is far more invasive and proliferate and spreads at a much
faster rate, and patients have limited treatment options and a worse prognosis [179,180].
Standard chemotherapy remains the mainstay treatment for TNBC. However, metastasis
and recurrence rates are higher compared to non-TNBC tumors [181]. Advanced TNBC
patients, when treated with carboplatin with or without a taxane drug (e.g., docetaxel),
showed better efficacy and toxicity profile compared to docetaxel. Additionally, in germline
BRCA1/2-mutated breast cancer patients, carboplatin displayed a response rate twice as
high compared to docetaxel. This implies the importance of determining whether breast
cancer patients have BRCA1/2 mutation so that the most effective drug for first-line
chemotherapy can be chosen [182]. TNBC has the fewest therapeutic options among all
breast cancer subtypes due to the lack of well-defined molecular targets [181]. Identifi-
cation of new therapeutic targets and development of effective targeted agents is, hence,
urgently needed.

Sacituzumab govitecan is the first antibody–drug conjugate approved by the US FDA
in the treatment of relapsed or refractory metastatic TNBC. It was developed by coupling
a monoclonal antibody that targets anti-trophoblast cell-surface antigen 2 (Trop-2) with
SN-38—an active metabolite of irinotecan, which is a topoisomerase I inhibitor. Approval
was based on findings in the phase I/II multicenter IMMU-132-01 trial (ClinicalTrials.gov
identifier NCT01631552) [183]. Another drug, enhertu, is an antibody and topoisomerase in-
hibitor conjugate that targets and attaches to HER2+ cancer cells [142]. Enhertu is approved
for treating adults with unresectable or metastatic HER2-positive breast cancer [184].

Kadcyla, also known as T-DM1, is an agent approved by the US FDA to treat patients
with HER2-positive metastatic breast cancer that have been previously treated with her-
ceptin and taxane chemotherapy (neoadjuvant treatment). T-DM1 is an antibody–drug
conjugate targeted therapy in which emtansine is conjugated to Herceptin [141].

The immunotherapy medicine pembrolizumab (brand name: Keytruda) is a human
monoclonal IgG4-k antibody that is highly selective against the programmed cell death 1
receptor (PD-1). The addition of pembrolizumab to first-line chemotherapy significantly
extended progression-free survival among patients with metastatic TNBC or TNBC that
has resurged and cannot be surgically removed [143]. Recently, USFDA granted accelerated
approval of pembrolizumab in combination with chemotherapy for treating TNBC patients.

Recently, the combination of atezolizumab plus nab-paclitaxel has been approved by
FDA as first-line therapy in patients with PD-L1+ TNBC [144]. We can, therefore, see that
several diagnostic/ imaging and therapeutic options are currently available for breast can-
cer management. There has been increasing interest in recent times to combine diagnostic
and therapeutic components within a single system for effective and personalized breast
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cancer management. Strategies being investigated in this direction are described in the
next section.

4. Recent Trends in Breast Cancer Theranostics

Traditionally, cancer management is based on identifying tumor lesions through an
appropriate diagnostic imaging modality, followed by treatment with chemotherapy, ra-
diotherapy, or surgery. However, the disadvantages of these treatments include possibility
of incomplete surgical resection, off-target toxicities, low local drug concentrations at the
disease site, and limited drug penetration into tumors due to abnormal vasculature, which
causes elevated interstitial pressure and blood flow stasis [185,186]. Moreover, conven-
tional methods of assessing drug kinetics involves assessing drug concentration in plasma,
which is not a reliable method to evaluate chemotherapeutic pharmacokinetics [187,188].
Over the past two decades, personalized medicine has received significant interest as it can
be used to tailor treatment according to patient needs and characteristics, thus, minimizing
side-effects, resulting in the emergence of theranostics, which is a relatively new research
area [189]. Theranostics is a field of research where a combination of diagnostic agents and
therapeutic agents are used to provide patient-centered care for the treatment of cancer
and other diseases by providing real-time monitoring of the drug that will assist in altering
cancer treatment regimens for better therapeutic efficacy [190]. Accurate diagnosis is crucial
for an early therapeutic intervention, failure of which results in delayed treatment and
increased risk of mortality [191].

Theranostic nanotechnology or nanotheranostics is an area where an integrated nan-
otherapeutic system can be used to simultaneously diagnose, deliver targeted therapy, and
monitor the therapeutic response [192]. A single nanoparticle formulation, conjugated
with targeting ligands, therapeutic agents, and a fluorophore/contrast agent, can be visual-
ized using different imaging modalities as it crosses biological barriers to target receptors
upregulated by cancer cells and finally releases the drug in the tumor environment in a
controlled manner (Figure 3).

Figure 3. Schematic diagram representing theranostic approaches in breast cancer management.

Nanotheranostics is being widely explored today as a method of effectively managing
breast cancer. Nanotheranostic formulations can be tracked using different imaging modal-
ities following administration so that their targeted accumulation and treatment at the
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site of the cancer can be monitored. Lipid-based carriers, such as liposomes and micelles,
are often used due to their versatility and biocompatibility. Gregoriou et al. recently
developed theranostic micelles using Pluronic F127 block copolymer and Vitamin E-TPGS
that showed promise as a method of targeted delivery of the phytochemical resveratrol to
treat breast cancer. Coumarin-6—a fluorophore, can be incorporated to impart imaging
capabilities to the system [193]. Wang et al. targeted EGFR+ TNBCs using a quantum-
dot-containing micellar formulation tagged with an anti-EGFR nanobody. The micelles
could be imaged using the near-infrared fluorescent quantum dots and could release the
anti-cancer drug aminoflavone. Significant tumor regression was observed in orthotopic
TNBC mouse models with EGFR+ tumors following administration of the theranostic mi-
celles by i.v. injection [194]. Parhi et al. functionalized lipid-based NPs with trastuzumab
to target HER2+ breast cancer cells. The NPs (~72 nm) contained rapamycin (anti-cancer
drug) and quantum dots (imaging). In vitro studies on SKBR 3 breast cancer cells grown
as a two-dimensional monolayer and as three-dimensional spheroids confirmed greater
cellular uptake and therapeutic efficacy than native drug or unmodified NPs [195]. Al-
bumin NPs have also been investigated as a delivery vehicle for theranostic applications.
A human serum albumin-based NP formulation (~151 nm) encapsulating doxorubicin
(DOX, chemotherapeutic drug) and gadolinium III (MRI contrast agent) was developed
recently and studied against TNBC xenografts grown on the chorioallantoic membrane
of fertilized chick eggs. Persistent NP presence was observed in tumor tissues for at least
15 h, where the NPs significantly reduced the proliferative Ki-67-positive fraction of cells
in the xenografts compared to native DOX [196].

Theranostic formulations developed using different polymers have also been suc-
cessfully investigated in the treatment of breast cancer and its metastases. For example,
Li et al. developed a novel terpolymer using poly(methacrylic acid) and PS 80 cova-
lently grafted onto starch, which was then used to deliver DOX and multiple imaging
agents—gadolinium (MRI contrast agent) and near-infrared fluorophore HF750 (fluores-
cence imaging), for the treatment of brain metastases of breast cancer. The NPs, when
delivered by tail vein injection, could selectively accumulate and induce apoptosis in cancer
cells while not affecting normal brain cells in a brain metastatic breast cancer SCID mouse
model [197]. Poly lactic-co-glycolic acid (PLGA) is a polymer that has been FDA-approved
for many medical applications and is widely used in nanoparticle-based drug delivery
strategies. Recently, PLGA NPs were developed and coated with platelet membranes to
form nanoplatelets containing DOX, as well as multiple imaging agents—perfluoropentane
(PFP for ultrasonic imaging), nanocarbon (for photoacoustic imaging and photothermal
therapy), and fluorescence imaging. Upon delivery of the NPs to 4T1 breast-tumor-bearing
mice and laser irradiation, the light was converted to heat energy by the NPs, which had a
photothermal effect. The heat also led to PFP vaporization for enhanced ultrasonic imaging
and release of DOX for therapy [198]. Dong et al. were able to successfully develop a
dual-modal gold-nanoshelled PLGA magnetic hybrid nanoparticle formulation that was
encapsulated with perfluorooctyl bromide and superparamagnetic iron oxide nanoparticles
and conjugated to anti-HER2 antibodies (HER2-GPH NPs). They were able to monitor
the accumulation of these particles using ultrasound and magnetic resonance while the
targeted antibody aided the binding of photothermal agents to the HER2-positive breast
cancer cells. These particles were able to successfully induce cell death on exposure to
near-infrared irradiation [199].

Metal-based NPs have also been explored in breast cancer nanotheranostics. Ruthe-
nium (Ru) agents also display high anti-cancer activity with limited cytotoxicity towards
normal cells and are, therefore, an attractive alternative to platinum-based compounds for
anti-cancer therapy [200]. Ru-based compounds can also be employed as imaging agents
by binding to the DNA through non-covalent interactions [201] and are, thus, useful tools
in theranostic applications. Shen et al. reported the development of a liposome-based
theranostic formulation containing Ru-polypyridine complex. The liposome carrier en-
hanced the cellular internalization of Ru in cancer cells. Intravenous (i.v.) administration
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of these nanocarriers in orthotopic murine model of MDA-MB-231 human breast cancer
exhibited high accumulation of the particles within the tumor 2 h post injection, along with
a dramatic decrease in the TNBC tumor growth [202]. We have previously developed thera-
nostic nanoformulations that can co-deliver a ruthenium compound (therapy) along with a
radionuclide (imaging) to epidermal growth factor (EGFR)-positive cancer cells [103]. This
formulation is also suitable for the treatment of TNBCs, which tend to overexpress EGFR.

In addition to cancer cells, the tumor microenvironment also consists of several other
cell types, including fibroblasts and immune cells, that can play a decisive role in the
effective distribution of the NPs within the tumor. Strategies that allow for the penetration
of NPs into the tumor microenvironment are, therefore, attractive. Zeng et al. developed
novel HER2-DOX-superparamagnetic iron oxide nanoparticles (NP) with a gold shell as
a theranostic approach for the diagnosis and targeted identification of HER2+ BC. The
accumulation of these particles in the tumors of BT474 breast cancer nude mice was highest
after 2h of i.v. injection, which was detected by MRI. Additionally, the gold shell-mediated
photothermal effect led to remodeling of the tumor microenvironment by decreasing cancer-
associated fibroblasts, which resulted in the improved antitumor efficacy of DOX [203].
NPs usually tend to accumulate in tumor tissues as a result of enhanced permeability
and retention effect exerted by long-circulating nanoparticles. However, the size of the
particles plays a critical role in maintaining these properties. Small nanoparticles easily
penetrate deep into tumor lesions; however, they are pulled back into the blood stream
during circulation, while large particles, on the other hand, are retained easily but tend
to have poor penetration ability [204]. Liu et al. successfully developed a CD44 targeted
tumor-specific hyaluronidase-degradable hyaluronic acid, cationic bovine serum albumin-
protected gold nanocluster that was loaded with indocyanine green for tumor fluorescence
imaging and a chemotherapeutic drug paclitaxel. On subcutaneous injection of the NPs in
tumor-bearing Balb/c mice, these particles displayed size-reducible properties as a result
of the presence of hyaluronidase leading to highly homogenous intra-tumor distribution of
the NPs [205,206].

Nanotheranostic formulations can also be used to provide hyperthermia in cells
to promote cell membrane permeabilization causing the destruction of the tumorous
mass. Burke et al. used near infrared stimulation of multiwalled carbon nanotubes
for photothermal therapy, which led to increased permeability of cell membranes and
rapid cell death. This system has the potential to be used for theranostic applications if
combined with an anti-cancer agent [207]. Another promising strategy in theranostics
is using an injectable thermoresponsive hydrogel for local therapy of breast cancer. Wu
et al. demonstrated that injecting a supramolecular thermoresponsive hydrogel such as
poly(N-acryloyl glycinamide-co-acrylamide) hydrogel along with polydopamine (PDA)
coated-gold nanoparticles (AuNPs) and loading the carrier with DOX exhibited an excellent
photothermal effect, along with sustained release of the anticancer drug [208].

It is clear from the above research that breast cancer nanotheranostics is a rapidly
growing area that holds great promise as a method of combining cutting-edge technologies
within a single platform to deliver breast cancer therapies in a targeted, sustained, and
effective manner. We can integrate contrast agents for different imaging modalities and
an anti-cancer therapeutic agent into a single formulation for targeted theranostic drug
delivery, which can minimize patient discomfort while providing personalized medicine.

5. Conclusions and Future Outlook

In this review, we have highlighted some of the common methods of breast cancer
diagnosis and treatment and the role of the emerging area of breast cancer theranostics in
integrating diagnostics and therapy within a single platform to provide patient-specific
therapy. Early detection and treatment of breast cancer is crucial in the reduction of breast
cancer mortality rate. The methods of diagnosis and treatment of breast cancer has under-
gone tremendous changes over the past two decades, and the focus is on managing and
treating the disease with minimal patient discomfort, increased patient compliance, and re-
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duced off-target side effects. Nanomedicine allows for the targeted delivery and controlled
release of the encapsulated drugs at the tumor site, thus, altering the bioavailability and
drug pharmacokinetics while simultaneously enhancing permeability and retention in the
tumor and minimizing severe side-effects to the healthy cells. Theranostics has emerged
as an invaluable tool in personalized medicine as these multifunctional platforms can be
used for the simultaneous detection, treatment, and management of cancers. Despite the
undeniable potential of nanotheranostic formulations, there are several factors to be taken
into consideration while developing and testing these platforms and before taking them
into the market. A major challenge is in the manufacturing, scale-up, and reproducibility
owing to the complexity of incorporating multiple functionalities into a single platform
while maintaining its dimensions in the nanoscale range. Extensive research needs to
be conducted to determine the optimal dose that can simultaneously produce a strong
signal for imaging while maintaining the desired drug release kinetics for therapy. The
platform must also have minimal or negligible toxic interactions with the surrounding
biological tissues. Depth of penetration is a significant challenge when using imaging
modalities with theranostic formulations; therefore, imaging agents that can be used to
obtain high resolution images independent of tissue depth are preferred. The materials
used to develop the theranostic system must be optimized to prevent release of the in-
corporated imaging agent and premature release of the encapsulated therapeutics. While
stimuli-responsive “smart” materials may be used for on-demand release of therapeutics
in response to changes in the surrounding environment (e.g., temperature, pH, magnetic
field), this introduces more complexity to the system and can possibly impede its clinical
translation. Different type of breast tumors can upregulate different receptors on their
surfaces, and the theranostic system will need to be optimized against each type of breast
cancer in order to provide personalized therapy. Nevertheless, it is evident that theranostic
nanomedicine holds tremendous potential for breast cancer diagnosis and targeted, per-
sonalized treatment. Since theranostics is an emerging research area, we can expect to see
new multifunctional formulations enter clinical trials in the near future that can be tracked
following administration and provide targeted and effective breast cancer therapy.
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