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Surgical resection remains a mainstay in the treatment of malignant solid tumors. However, the use of neo-
adjuvant treatments, including chemotherapy, radiotherapy, phototherapy, and immunotherapy, either alone or
in combination, as a preoperative intervention regimen, have attracted increasing attention in the last decade.
Early randomized, controlled trials in some tumor settings have not shown a significant difference between the
survival rates in long-term neoadjuvant therapy and adjuvant therapy. However, this has not hampered the
increasing use of neoadjuvant treatments in clinical practice, due to its evident downstaging of primary tumors to
delineate the surgical margin, tailoring systemic therapy response as a clinical tool to optimize subsequent
therapeutic regimens, and decreasing the need for surgery, with its potential for increased morbidity. The recent
expansion of nanotechnology-based nanomedicine and related medical technologies provides a new approach to
address the current challenges of neoadjuvant therapy for preoperative therapeutics. This review not only
summarizes how nanomedicine plays an important role in a range of neoadjuvant therapeutic modalities, but
also highlights the potential use of nanomedicine as neoadjuvant therapy in preclinical and clinic settings for
tumor management.

1. Introduction follow up therapy (adjuvant therapy) [7,8]. However, some early ran-

domized trials showed that the addition of neoadjuvant chemotherapy

Despite advances in theranostic technology for oncology, conven-
tional surgical resection is still a mainstay in the treatment of most solid
tumors. However, new surgical approaches, including multimodal-
imaging—guided accurate surgical resection [1,2], laparoscopic and ro-
botic dominated surgery with minimal invasion [3], and improved
preoperative preparation and careful postoperative nursing care [4-6],
are constantly improving the outcome and efficiency of surgical treat-
ment. Preoperative treatment (also termed neoadjuvant therapy),
defined as a therapeutic course of treatment before surgery is performed
[5], has attracted increasing attention. Preoperative treatment has many
advantages, including downstaging of the primary tumor to reduce the
burden of local and regional disease, delineating the tumor margins for
ease of resection and reduced over-excision of adjacent health tissue,
and tailoring systemic therapy response as a clinical tool to optimize
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(NACT) to the therapeutic regimen did not lead to significant differences
in survival or long-term outcome compared to conventional adjuvant
therapy, despite using the same therapeutic agents in breast cancer
patients [9]. Similarly, long-term survival remains largely unchanged in
rectal cancer patients who received standard neoadjuvant chemo-
radiotherapy (nCRT) [10].

Recently, a larger randomized clinical trial found that compared to
either capecitabine or gemcitabine alone, the addition of bevacizumab,
a monoclonal antibody which targets vascular endothelial growth fac-
tor, to the neoadjuvant therapy regimen could significantly increase the
complete pathological response rate without any obvious toxic side ef-
fects [11]. These exciting results suggest that targeted therapy will be
more effective in neoadjuvant treatment. Analogically, the targeted
delivery of neoadjuvant therapeutics agents to tumors would elicit
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similar neoadjuvant therapeutic effect. Consequently,
nanotechnology-based nanomedicine was exploited for neoadjuvant
treatment due to its ability to target cargos to specific sites, such as tu-
mors [12]. Nanomedicine has several advantages, including safe and
effective targeted drug delivery, controlled cargo release and facile
multi-modal theranostic integration with few side effects. Further, the
use of nanoparticles in medicine has been extensively researched with
multiple applications in the diagnosis and treatment of cancer [12-14].
However, the application of nanomedicine as neoadjuvant requires
more research. Recently, some clinical trials have adopted universal
nanomedicine approaches, such as nanoparticle albumin-bound pacli-
taxel [15-17] and liposome-encapsulated doxorubicin [18,19], into
their neoadjuvant regimen. These studies have achieved some signifi-
cant outcomes, including increasing the proportion of patients achieving
a pathological complete response, while verifying the safety and efficacy
of the preoperative, neoadjuvant treatment formulations used. The
success of these studies has increased interest in research devoted to the
application of nanomedicine in neoadjuvant treatment [20,21]. The
rapid advance of nanotechnology-based nanomedicine and its impor-
tance in medical practice may further promote the clinical use of neo-
adjuvant treatment.

Currently, there are no comprehensive reviews which address the
development of nanomedicine-based neoadjuvant therapy. Therefore,
we will briefly describe several neoadjuvant therapy modalities,
including neoadjuvant use of chemotherapy, radiotherapy, and photo-
therapy, either alone or in combination. We will then summarize the
application of nanomedicine as a neoadjuvant therapy in both preclin-
ical and clinical practices, and discuss its potential future applications
(Fig. 1).
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2. Nanotechnology in neoadjuvant chemotherapy

The deployment of nanotechnology and its extensive application to
NACT may overcome the intrinsic theoretical and clinical limitations of
NACT, opening up new areas for preoperative drug management. The
following sections will focus on the superiority of nanotechnology-based
anti-tumor drugs as NACT:

2.1. Using nanotechnology to combine multiple chemotherapeutic agents
in a single cart

Combining multiple chemotherapeutic agents is the most common
regimen in NACT. For example, combining taxanes and anthracyclines is
standard for NACT for high-risk breast cancer [22], combining epi-
rubicin/cyclophosphamide (EC) with sequential weekly paclitaxel, fol-
lowed by 5-FU/epirubicin/cyclophosphamide (FEC) [23], and
sequentially adding preoperative docetaxel to doxorubicin and cyclo-
phosphamide for breast cancer [24,25]. From a pharmacological point
of view, these combinations and/or sequential administrations aim to
create a favorable condition prior to surgical resection of the tumor.
NACT directly kills tumor cells and modifies the tumor microenviron-
ment by downstaging the primary tumor, reducing tumor size, outlining
the lesion margins, tailoring the following adjuvant chemotherapy, and
eradicating micro-metastatic lesions, which may be present but are
undetectable [26]. However, meta-analysis of multiple randomized
studies indicated that NACT does not increase overall survival of breast
cancer patients when compared with the same chemotherapy regimen
administered as adjuvant chemotherapy [9,27]. However, some other
benefits emerged with NACT, including the opportunity for
breast-conserving surgery, reducing axillary lymph-node dissection in
breast cancer cases, tailoring systemic adjuvant therapy tactics, and
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Fig. 1. Scheme of nanotechnology-assisted preoperative therapeutic strategies, including neoadjuvant chemotherapy, neoadjuvant radiotherapy, neoadjuvant
immunotherapy, and neoadjuvant phototherapy, as singular as well as combination therapies. Created with permission by BioRender.com.
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understanding the complete pathological response [1]. Multiple medical
and biological factors, such as the tumor stage and pathology grade,
tumor heterogeneity, and the differential expression of markers on
tumor cells, may account for these paradoxical phenomena. Notably,
these contradictions may also derive from differences in the pharma-
cokinetics of individual chemotherapeutics. Due to the different physi-
cochemical properties, each chemotherapeutic agent used in NACT has a
unique pharmacodynamic profile with respect to its absorption, tissue
distribution, metabolism, and excretion. Thus, the composition and ratio
of each chemotherapeutic agent in the primary tumor may deviate from
expectations. From a pharmacokinetic point of view, the integration of
all NACT agents into a single delivery vehicle may bring benefits to
NACT. The rapid advance of nanotechnology provides an excellent drug
delivery platform to achieve this for NACT. On one hand, different
chemotherapeutic agents are readily loaded or grafted to nanoparticles
(termed nanomedicine) in a specific ratio by optimizing several factors,
including their feed, loading condition through hydrophobic interac-
tion, electrostatic interactions, physical restraint, and covalent binding.
On the other hand, by designing and constructing an appropriate
nano-carrier, such as tumor microenvironment-responsive nano-
medicine and stimuli-responsive nanoparticles, it is possible to realize
the precise and spatiotemporal release of carried cargos (controlled
release), thus potentiating the therapeutic efficacy and minimizing side
effects. At present, polymeric micelles are the main kind of nano-carriers
investigated for drug delivery and several are being used in clinical trials
[28,29]. One of representative polymers is Poly(ethylene glyco-
1)-block-poly(D,1-lactic acid) (PEG-b-PLA), approved by the FDA as a
pharmaceutical excipient [30], is widely used as a multiple anti-tumor
drug nano-container. For instance, poorly water-soluble anti-cancer
drugs paclitaxel (PTX), 17-allylamino-17-demethoxygeldanamycin
(17-AAG), and rapamycin (RAPA) are readily co-loaded into the hy-
drophobic core of PEG-b-PLA micelles in defined proportions through
optimization of the loading conditions [31]. The 3-in-1 PEG-b-PLA mi-
celles exhibited strong synergistic anti-tumor activity in vitro and was
well-tolerated in FVB albino mice, providing a novel and simple
approach for tumor combinational therapy [31]. In preclinical practice,
the 3-in-1 polymeric micelles were used as a novel neoadjuvant cancer
therapy approach in a LS180 human colon xenograft model, where a
single intravenous injection reduced tumor volume 1.6-fold without
significant change in body weight. Further, this would provide new
approach for the use of near-infrared (NIR) region optical imaging for
intraoperative surgical guidance in oncology (Fig. 2) [32].

2.2. Targeting drug delivery to primary and micro-lesions

One of the primary aims of NACT is tumor shrinkage with clear
margins to enable surgical resection, which requires the chemothera-
peutics to be precisely targeted to the primary tumor lesion. However,
most chemotherapeutic agents are limited by their pharmacodynamic
distribution, so that only a small proportion reaches the tumor, espe-
cially for the tumor at early stages. In a large random clinical trial [11],
it found that the addition of bevacizumab [11], a typical monoclonal
antibody targeted agent, to the regimen of NACT for breast cancer could
significantly increase the pathological complete response (PCR) (28.2%
without bevacizumab vs. 34.5% with bevacizumab: p = 0.02). However,
the addition of capecitabine or gemcitabine to the regimen did not
significantly increase the PCR but increased the toxic side effects. These
give us a clue that the deliberate addition of chemotherapeutics with
high interaction between the chemotherapeutics and tumor cell could
make more sense than adding a single agent. In this sense,
nanoparticle-based chemotherapy (nanomedicine) would be more
effective in NACT, based on the obvious advantages in drug delivery
through the enhanced permeability and retention effect (EPR), passive
targeting delivery, ligand/high-affinity moieties mediated active tar-
geting delivery, and stimuli-responsive controlled drug delivery and
release [22]. Nanomedicine is a significant part of recently conducted
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preclinical research and clinical practices in NACT. One of the typical
representative nanomedicines is pegylated liposomal doxorubicin
(PLDox). PLDox was the first FDA approved nano-formulation for cancer
chemotherapy in 1995, including advanced ovarian and metastatic
breast cancer. A prominent feature of PLDox is the surface PEGylation,
which provides a hydrophilic layer and an opsonin-like function, thus
decreasing the nonspecific removal by macrophages and increasing its
stability in the circulatory system (also termed stealth function). In
another multicenter phase II study, it was found that the combination of
PLDox (Caelyx®) and paclitaxel as NACT generated an active response
in locally advanced breast cancer. Notably, 54% of patients had a partial
response and 17% of patients had a complete response, with some
manageable cutaneous toxicity [33]. Following this, a series of multi-
center clinical trial studies further demonstrated that the addition of
PLDox to the NACT regimen could also produce equivalent or improved
pathological complete response rates compared to free doxorubicin or
epirubicin, while significantly lowering the chemotherapy associated
side-effects, such as neutropenia, vomiting and alopecia, and especially
anthracycline-associated cardiac toxicity [34,35]. Another retrospective
study found that the two-weekly regimens of albumin-bound paclitaxel
(nab-P) followed by four cycles of dose-dense epirubicin and cyclo-
phosphamide did not realize better pathological complete response than
the solvent-based paclitaxel (sb-P) group across all patients. However,
patients exhibited significantly higher pathological complete response
rates in triple-negative breast cancer, indicating a two-weekly nab-p as
NACT would be a promising choice for triple-negative breast cancer
patients [15]. These advantages can be partially attributed to the passive
targeting and distribution of chemotherapeutics mediated by nano-
particles in the primary tumor.

Although passive targeting is the primary foundation for most
nanomedicine applied in clinical trials and practice as NACT, in recent
years, more and more attention is being paid to active targeting by
nanomedicines for NACT. Cai and co-authors developed a cisplatin
(CDDP) delivery system (HA-TiO5), endowed with pH-responsive drug
release and active targeting system to potentiate its application as NACT
for ovarian cancer [36]. On one hand, hyaluronic acid (HA), modified on
the surface of titanium dioxide nanoparticles (TiOy NPs), can allow
HA-TiO; to actively interact with the CD44 receptor, which is highly
expressed on ovarian cancer, triggering internalization of the nano-
particles into tumor cells through receptor-mediated internalization. On
the other hand, CDDP loaded onto TiO3 NPs could respond to pH gra-
dients (decreasing from pH 7.4 in the circulatory system to pH 5.0 in
lysosomes) by rapidly releasing its cargo due to weakening interactions
with the TiOy NP [36]. These two remarkable features could maximize
the anti-tumor effect of HA-TiO2 and minimize its potential toxicity in
NACT. Apart from HA, many other ligands (including antibodies,
aptamers and peptides) could be developed as targeting motifs to
mediate the nanomedicine distribution. For example, by using a B5
peptide, which has high affinity for the low-density lipoprotein
receptor-related protein-1 (LRP-1), Lee et al. developed a novel
nanoparticle-based theranostic agent targeting LRP-1 for enhanced
neoadjuvant radiotherapy in colorectal cancer [37]. The theranostic
nanoparticles were constituted with human serum albumin nano-
particles (HAS), 5-FU as the chemo-radiotherapy agent and Cy7 fluo-
rophore for diagnostic imaging. Importantly, the B5 peptide, which had
high affinity with LRP-1, a radio-resistant marker protein of colorectal
cancer (CRC), was decorated on the surface of the nanoparticles. This
decoration made the nanoparticles accurately and actively target the
designated protein for diagnostic imaging and eradicated the
radio-resistant CRC through NACT [37].

2.3. “Tumor priming” and tumor microenvironment regulation

Partly due to the heterogeneity of tumors and the complexity of the
tumor microenvironment, it is a difficult challenge to completely erad-
iate the tumor mass and tumor micro-lesions and prevent recurrence.
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Fig. 2. Three-in-one nano-micelle-mediated tumor priming, tumor optical imaging and neoadjuvant chemotherapy. a. Scheme of 3-in-1 PEG-b-PLA nanoparticles
containing PTX/17-AAG/RAPA, and diagram of DIR containing PEC-b-PCL micelles. b. Schematic illustration of PTX/17-AAG/RAPA nano-micelle-mediated tumor
priming and subsequently promoted NIR optical imaging of tumor by DiR loaded PEC-b-PCL micelles. c. In vivo NIR imaging of tumor bearing mice after admin-
istering DiR-containing PEG-b-PCL micelles following vehicle, PTX, and PTX/17-AAG/RAPA injection for 48 h. d. Intratumoral distribution of DiR-containing PEG-b-
PCL micelles in different treatment groups. e. Apoptotic cells in tumor tissue of different treatment groups. f. Tumor growth curve in different treatment groups. g.

Mice body weight in different treatment groups [32]. Copyright 2011. American Chemical.
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The anatomical structure and pathophysiology of solid tumors could
partially account for the intratumor barriers that hinder the delivery of
therapeutic agents, including nanoparticles, to the tumor and their
penetration depth within the tumor mass [32,38]. Firstly, the poor and
discrepant intratumoral vascularization and uneven vessel distribution
in tumor results in a heterogeneous distribution due to leakage of agents.
The high intratumoral interstitial fluid pressure (IFP) could diminish
EPR leaded leakage of nanoparticles from the blood vessels to the tumor
interstitial region by diffusion [38]. Moreover, the abundant stromal
cells and the dense extra-tumor matrix constitute a physical barrier to
resist the diffusion of nanoparticles [39]. In terms of these issues, Au
et al. proposed a new concept of tumor priming to improve the delivery
and efficacy of nanomedicine in solid tumors [40]. Its key concept was
that pretreatment with an optimized apoptosis-inducing agent during
the appropriate time window could expand the interstitial space of
tumor, increasing vessel diameter and blood perfusion, and thus
enhance the delivery and anti-tumor efficacy of nanomedicine [40],
which would create conditions for further surgery and other treatments.
These tumor priming inducers could be chemotherapeutics, such as PTX
[40,41], cyclophosphamide [42] or Bevacizumab [43]. As a different
approach to the usual tumor priming regimen (free drug and a single
administration), we recently developed a series of novel tumor targeting
and priming strategies through metronomic application of nanoparticles
actively targeted to the tumor neovasculature [44-48]. The tumor
priming regulator PTX was loaded in PEGylated polylactide nano-
particles decorated with a tumor vascular endothelial cell targeting
peptide F56, to formulate F56-PTX-NP. One of the prominent charac-
terizations of F56-PTX-NP was that it could be metronomically admin-
istrated at a low dose of PTX, with negligible side effects for tumor
priming, including lowering IFP, enhancing pO, and increasing vascular
perfusion of doxorubicin, and thereby significantly prolonging tumor
vasculature normalization (by at least 9 days) compared to other anti-
angiogenic agents [44]. This could provide a longer window of oppor-
tunity for subsequent treatment. Similarly, Hyunah Cho and Glen S.
Kwon also employed a nanomedicine strategy as NACT for tumor
priming prior to optical imaging guiding operations [32].

Apart from regulating the tumor mechanical environment, another
important target of tumor priming by nanotechnology-based NACT are
tumor stroma cells, including cancer associated fibroblasts (CAF),
tumor-associated macrophages (TAM), immune-associated cells (such as
Tregs and Bregs) and cancer stem cells (CSC) [49-51]. Taking CAF as an
example, CAFs are the most abundant stromal cells in the TME in most
tumors and can exert significant influence on the progression of tumor
by regulating the phenotype of the stromal layer [52]. Therefore,
re-programming tumor-promoting CAFs back to tumor suppressor fi-
broblasts is an emerging paradigm for combating primary tumors and
their metastases [53]. We recently developed a new kind of biomimetic
nanomedicine coupled with NCAT to remodel CAFs to quiescent fibro-
blasts, which can suppress the primary and metastatic tumors of breast
cancer [20]. Thereof, we adopted a cancer cell membrane to camouflage
cerium oxide nanoparticle (CeNP)-loaded dendritic mesoporous orga-
nosilica nanoparticles to develop a novel homologous nanomedicine
(T-CeNP) as the additive agent of NACT (Fig. 3). It was found that
T-CeNP could actively target breast cancer and reprogram CAF to
quiescent fibroblast through its transdifferentiation function. The com-
bination application of T-CeNP with chemotherapy as NACT or pre-
ventive usage alone could not only decrease the size of primary breast
cancer but also inhibit the post-surgery lung metastasis and live
metastasis [20].

TAM, as the main community of tumor-associated immune cells in
TME, is a kind of immunosuppressive cell [54] which can hinder the
infiltration and activation of T cells and minimize the anti-tumor effi-
cacy of immune checkpoint blockade [54,55]. Much evidence shows a
positive correlation between enrichment for TAM and tumor recurrence
after surgery, and TAM reprogramming and/or depletion would elicit
positive effects on preventing tumor recurrence after surgery [56,57]. It
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was found that in human breast cancer parenchyma, CD68", but not
stabilin-1*, TAMs negatively correlated with lymphatic metastasis after
NACT [58]. The average score of CD68 expression in patients with a
complete response to NACT in the coarse fibrous stroma of breast cancer
was lower than that in patients with a partial response [58], which
means that NACT could elicit different effects on TAM function
depending on their location and local TME. Li et al. developed a
biocompatible alginate-based hydrogel encapsulating Pexidartinib
(PLX) loaded nanoparticles and anti-PD-1-conjugated platelets to target
and deplete TAM. This formulation may facilitate the infiltration of T
cells and block the PD-1 receptors, re-activating the T cells and thus
enhancing post-surgery treatment of recurrent tumors [56].

3. Nanotechnology in neoadjuvant radiotherapy

Similar to NACT, the goal of neoadjuvant radiotherapy is also to
minimize the primary tumor and clear the margins prior to surgical
resection. It has been demonstrated that both short- and long-course pre-
operative radiotherapy confers benefits regarding local recurrence. It is
worth noting that some patients could completely respond to radio-
therapy, but were included in surveillance programs without undergo-
ing surgery. A fraction of patients responded poorly to radiotherapy but
suffered radiotherapy-related toxicity, negatively impacting patients’
health and quality of life [59]. Therefore, to minimize
radiotherapy-associated side effects and improve patients’ outcomes, it
is imperative to consider the sensitivity of patients to radiotherapy and
develop general radiotherapy strategies. The role of neoadjuvant
radiotherapy, especially nanotechnology-based neoadjuvant radio-
therapy, in the management of cancer, will be discussed in the following
section:

3.1. Neoadjuvant radiotherapy in cancer management

Radiation therapy, an important component of neoadjuvant treat-
ment, is advocated by the European Society of Medical Oncology
(ESMO) when the setting of the tumor may compromise the surgical
outcome, including advanced disease (>T3), lymph node involvement
on imaging and pre-operative disease (circumferential resection margin)
[60]. For example, in the management of rectal cancer, if the anal
sphincter is involved, successful neoadjuvant therapy may be able to
downsize a tumor and provide a safe resection margin for surgery,
increasing the chance of preserving the anal sphincter and maintaining
anal continence [61]. Neoadjuvant treatment may be completely effec-
tive in certain cases, with the tumor replaced by fibrous tissue after a
course of radiation therapy. Generally, whether a patient should be
treated with neoadjuvant therapy is dependent upon the stage of the
tumor. For instance, a thorough medical history, physical examination,
digital rectal examination, and radiographic examination are essential
for determining the stage of rectal cancer [62]. An unavoidable problem
of radiotherapy, including neoadjuvant radiotherapy, are side effects
(complications and toxicities). Sauer et al. documented all instances of
toxicity in their cohort of patients [63]. Neoadjuvant patients experi-
enced 27% toxicity in the acute phase, and 12% experienced diarrhea.
On the basis of long-term data for the same cohort, toxicity was reported
at a rate of 14.4%, including 4% of those undergoing neoadjuvant
treatment that developed a stricture at the site of the anastomosis. In
2017, the Trans-Tasman Oncology Group assessed the differences in
immediate postoperative outcomes between patients receiving
short-course versus long-course neoadjuvant therapy [64]. This study
found that patients undergoing short-course radiation therapy had an
increased risk of toxic events. The adverse events included proctitis (0%
vs 3.7%, P = 0.016) and diarrhea (1.3% vs 14.2%, P < 0.001).

3.2. Applications of nanotechnology in neoadjuvant radiotherapy

Nanotechnology-based contrast agents for radiotherapy and
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Fig. 3. Nanomedicine-dominated neoadjuvant-therapy-mediated tumor microenvironment remodeling and metastasis suppression. a. Scheme of the synthesis of T-
CeNP and the remodeling of the tumor microenvironment. b. The TEM of T-CeNP. c. Diagrammatic illustration of T-CeNP-dominated cancer-associated fibroblast
reprogramming. d. Representative morphological images of fibroblasts, cancer-associated fibroblasts, and reprogrammed fibroblasts. e. Validation of fibroblasts,
cancer-associated fibroblasts, and reprogrammed fibroblasts by western blotting. f. T-CeNP-mediated cancer-associated fibroblast reprogramming promoted growth
suppression of tumor spheroid in 3D cocultures of fibroblast and tumor cells. g. Diagram illustrating the therapy regimen of neoadjuvant therapy, surgery, and
therapeutic evaluation. h. In vivo fluorescence imaging of nanoparticle distribution in tumors with or without neoadjuvant treatment. i. Ex vivo fluorescence imaging
of nanoparticle distribution with or without neoadjuvant treatment. j. Fluorescence images of different nanoparticles in frozen tumor sections with or without
neoadjuvant treatment. k. Ex vivo bioluminescence imaging for micrometastases in the lung of different treatment groups. 1. Ex vivo bioluminescence imaging for
micrometastases in the liver of different treatment groups. The red X represents animals that died during tumor removal surgery [20]. Copyright 2021, John Wiley
and Sons.

magnetic resonance imaging (MRI), PET, and CT, have gained attention with tolerable toxicity, including sarcoma [71], head and neck squa-
in oncology due to their unique advantages in targeted radiotherapy, mous cell carcinoma [72], non-small cell lung cancer [73], and breast
including a tailored distribution in tumor, radiation sensitization and cancer [74]. Also, some pre-clinical research was preformed simulta-
their role as delivery vehicles [65]. The initial research on neously to broaden the application of nanoparticles in neoadjuvant
nanotechnology-based radiotherapy mainly focused on the design of radiotherapy, especially preoperative chemoradiotherapy (CRT),
nanoparticle-based contrast agents for increased accumulation in tumor, mainly relying on the superiority of nanomedicine to deliver drugs to the
and some current research tentatively investigated the use of tumor [75-77]. For example, to overcome the stromal and hypoxic
nanotechnology-mediated radiotherapy to modulate the tumor micro- tumor microenvironment and preoperative radioresistance in pancreatic
environment for improved resection and treatment [66]. In some early ductal adenocarcinoma (PDAC) and increase the RO resection rate and
phase I and phase I/II clinical trials, the tolerability and efficacy of long-term survivor after CRT, Xiao Hu et al. developed a y-glutamyl
nanoparticle-based radiotherapy were evaluated and validated [67-70]. transpeptidase (GGT)/glutathione (GSH)/hypoxia triple-responsive
Additional basic research and clinical trials further demonstrated the prodrug nanosensitizers SSCMG NPs [78] (Fig. 4). SSCMG NPs were
efficacy of nanomedicine-based radiotherapy in radioresistant cancers composed of a hypoxic radiosensitization prodrug CM and a
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Fig. 4. Deep-penetrating triple-responsive prodrug nanosensitizer Actuates Efficient CRT in PDAC a. Efficient PDAC tumor accumulation, b. GGT-triggered tumor
penetration, c¢. The potential mechanism of GSH/hypoxia dual-responsive drug release and hypoxic chemo-radio sensitization, and d. Representative in vivo
bioluminescence images of orthotopic PDAC models treated as indicated [78]. Copyright 2022, John Wiley and Sons.
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triple-responsive nanoparticle prepared using SSG polymer, and which
had the following advantages: (1) avoiding systemic toxicity of CM
derived from its premature release in circulation system; (2) augmenting
tumor penetration via GGT-activated charge reversal; (3) enhancing the
radiotherapy efficacy due to the GSH-responsive release of CM and its
hypoxia-induced chemoradio-sensitization activity. The results indicate
that SSCMG NPs could shrink the subcutaneous and orthotopic PDAC
after neoadjuvant CRT, verifying the potential of nanotechnology in
neoadjuvant radiotherapy.

Another representative of nanotechnology-based neoadjuvant
radiotherapy is the application of gold nanoparticles. !”’Lu-labeled
nano-seed brachytherapy was reported by Yook et al. as a neoadjuvant
treatment for locally-advanced breast cancers [79]. This novel neo-
adjuvant brachytherapy was developed using 30-nm gold nanoparticles
(AuNP), with their surfaces modified with PEG chains to link DOTA for
complexing with the p-particle emitter '”’Lu, and panitumumab for
targeting to epidermal growth factor receptors (EGFR) (*”’Lu-T-AuNP).
It was found that these gold nano-seeds, when injected intravenously,
could inhibit the growth of breast cancer tumors in CD-1 athymic mice
and prolong the overall survival, with no adverse effects at high radia-
tion doses.

Another promising and encouraging nanotechnology-based neo-
adjuvant radiotherapy is NBTXR3, a first-in-class radioenhancer
hafnium oxide nanoparticle used in preoperative treatment. In a phase I
clinical trial, its optimized recommended dose was determined at 10% of
baseline tumor volume for preoperative treatment in adult patients with
locally-advanced soft tissue sarcoma [80]. In this setting, there was a
clear increase in median tumor shrinkage (22% increase), with
manageable toxicity after external beam radiotherapy. In a multi-center,
phase II-IIl randomized trial of patients with locally advanced soft-tissue
sarcoma, addition of NBTXR3 to the regime of neoadjuvant radiotherapy
and its activation by radiotherapy could significantly increase the rate of
pathological complete response compared with radiotherapy alone
(16% vs 8%), without altering radiotherapy-related adverse effects [81].
All these positive pre-clinical and clinical results, especially with
NBTXR3, further verify the efficacy and feasibility of
nanomedicine-based neoadjuvant radiotherapy.

4. Nanotechnology in neoadjuvant immunotherapy
4.1. Immune checkpoint inhibitors for neoadjuvant immunotherapy

Immunotherapeutics, especially immune checkpoint inhibitor
mediated immunotherapy, has demonstrated its clinical efficiency in
treating different types of cancers [82,83]. A reasonable follow-up
setting is the extensive application of immunotherapeutics as neo-
adjuvant therapies, by targeting the interaction between PD-1 and its
ligands PD-L1/PD-L2 or CTLA-4 pathway using immune checkpoint
inhibitors prior to curative surgery [84,85]. The potential benefits of
neoadjuvant immunotherapy include: (1) eliminating micrometastases
and suppressing recurrence by boosting anti-tumor immunity; (2)
tailoring the effectiveness of the immunotherapy regimen while the
disease is present in the patient; (3) reducing the tumor size, and
delineating the tumor margin for surgery and decreasing surgical
morbidity; (4) diminishing surgery-induced immunosuppressive effects,
such as the secretion of glucocorticoids into the bloodstream, and the
subsequent inhibitory effect on T cell proliferation and promotion of
apoptosis of naive T cells [84-86].

There are normally two mechanisms to account for the anti-tumor
effect of immune checkpoint inhibitors. The first mechanism is the
reinvigoration of the tumor-specific cytotoxic T lymphocytes present in
the tumor microenvironment by the immune checkpoint inhibitors,
resulting in the activation and proliferation of T cells. The second
mechanism holds the view that the function of immune checkpoint in-
hibitors is mainly concentrated on the tumor antigens presenting ca-
pacity of dendritic cells to T cells, leading to T cells entering the
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circulation and migrating to the tumor lesion. Immune checkpoint
inhibitor-based neoadjuvant immunotherapy has been applied and re-
ported in clinical research. In a phase 1b clinical study, it was found that
two cycles of neoadjuvant sintilimab treatment (intravenously, day 1
out of 22) in resectable NSCLC patients (stage IA-IIIB) prior to resection
led to an encouraging 40.5% major pathological response [87],
demonstrating the feasibility of neoadjuvant immunotherapy. Another
clinical study in stage III melanoma patients demonstrated that the use
of neoadjuvant immune checkpoint blockade (ICB) in perioperative
immune therapy was significantly associated with improved 3-year
distant disease-free survival (DDFS) (59% pathologic partial response
and 13% pathologic complete response) compared with adjuvant ICB
only [88]. As a biomarker of responses to immune checkpoint
inhibitor-based immunotherapy, PD-L1/2 was also detected in other
tumors, including hepatocellular carcinoma [89], ovarian cancer [90]
and colorectal cancer [91], which indicates that immune checkpoint
inhibitor-based neoadjuvant immunotherapy may be a universal and
promising strategy for immunotherapy.

Although immune checkpoint inhibitors, such as anti-PD-L1 which
mainly target intertumoral CD8™ T cell exhaustion, are broadly active
and regarded as a “common denominator” for neoadjuvant immuno-
therapy [92], other targets and methodologies might also elicit durable
anti-tumor immune activity during neoadjuvant immunotherapy. These
strategies include: (1) targeted depletion of suppressive T regulatory
cells (Tregs); (2) reactivating the function of disrupted natural killer
cells; (3) enhancing the infiltration and function of antigen-presenting
cells (APC) in the tumor; (4) blocking the suppressive signals gener-
ated by TAMs, myeloid-derived suppressor cells, and other suppressive
factors [93]. Therefore, the performance of neoadjuvant immuno-
therapy should take full account of the characteristics of the tumor
immune microenvironment, the regimen of neoadjuvant immuno-
therapy and overall tumor prognosis.

4.2. Multiple nanomaterials induce anti-tumor immune responses for
cancer immunotherapy

Although surgery, chemotherapy, and radiotherapy are the most
common treatments for tumors, tumor relapse and metastasis are two
key reasons accounting for therapeutic failure in the clinic [94,95]. To
achieve long-term success in cancer treatment (such as survival with
tumor) by both decreasing size of primary tumors and reducing metas-
tasis and recurrence, using tumor immunotherapy, which leverages the
body’s immune system to treat and prevent tumors, has become
increasingly attractive [96-98]. However, there are several limitations
in immunotherapy, such as the immunosuppressive tumor microenvi-
ronment, fluctuating patient responses, and low tumor specificity [99].
Recently, along with the advancement of nanotechnology and its
involvement in immunotherapy (termed as nano-immunotherapy),
nano-immunotherapy may be the game changer in the battle with tu-
mors, by virtue of its desirable efficiency, safety, and patient compliance
[97,100,101]. One of the prominent features of nano-immunotherapy is
the specific delivery and/or co-delivery of immunomodulators and
therapeutics agents to targeted immune cells to initiate specific immune
responses, taking advantage of the superiority of nanotechnology in
targeted drug delivery [95,102]. For example, Herck et al. developed a
new type of transiently thermo-responsive, polymer-based nanoparticles
to deliver amphotericin B (AmpB), an FDA-approved antifungal drug
with Toll-like receptor (TLR) agonist activity. This nano-encapsulation
technology not only avoids the poor aqueous solubility of AmpB and
strongly reduced the -cytotoxic effects, but also amplified its
TLR-triggering capacity as a vaccine adjuvant, which was mediated
through its acid responsive release profile at endosomal pH values
[103].

Many nanomaterial-based nanoparticles, including lipid nano-
particles, polymer-based nanoparticles, and inorganic nanoparticles,
serve as the delivery platform for immunomodulators, or direct
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immunomodulation itself can efficiently boost anti-tumor immune re-
sponses and provide more precise and effective tumor treatment, while
minimizing the side effects [104]. For example, liposomes can be loaded
with different peptides, mRNAs and small molecule inhibitors to induce
a stronger cellular immune response and retard tumor proliferation
[105-109]. Polymer-based micelles (such as polylactic-co-glycolic acid
(PLGA) nanoparticles) and hydrogels can also deliver anti-tumor agents,
immune checkpoint inhibitors, cytokines or peptides to specific targets
to enhance anti-tumor immunotherapy efficacy and inhibit tumor
growth [110-112]. In some settings, silica, iron oxide and gold nano-
particles can induce tumor cell apoptosis by recruiting immune cells to
activate direct tumor cell killing, initiating immune responses through
dendritic cells, and adaptive immune responses through T cells
[113-115].

4.3. Nanotechnology-based neoadjuvant immunotherapy

Similar to neoadjuvant immunotherapy, one objective of
nanotechnology-based neoadjuvant immunotherapy is attaining a dy-
namic window for subsequent surgery and to sustain anti-tumor immune
defense abilities [116,117]. Consequently, it is critical to optimize the
methodology and window, establishing the accurate time, combination,
sequence, and delivery for launching anti-tumor immunotherapy [116,
118]. The amalgamation of nanotechnology and neoadjuvant immu-
notherapy yields nanotechnology-based neoadjuvant immunotherapy,
which presents a new paradigm and endows a high potential for
comprehensive cancer therapy. One of its prominent superiorities is the
feasibility of neoadjuvant combination immunotherapy with the help of
nanotechnology-nanoplatform [119]. For instance, to activate the
otherwise “exhausted” CD8" T cells and realize the transformation from
the “cold” tumor to “hot”, Atukorale et al. developed a novel
nanoparticle-based combinational neoadjuvant therapeutic strategy
(Fig. 5) [119]. The lipid-based immunostimulatory nanoparticle
(immuno-NP) co-encapsulates the STING and TLR4 agonists and
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delivers them to the tumor. The agonists then reprogram and activate
the antigen-presenting cells in the immune suppressive tumor micro-
environment, and harness and activate the otherwise “exhausted” CD8"
T cells in combination with the co-administered anti-PD1 immune
checkpoint inhibitor. In three aggressive murine tumor models (B16F10
melanoma, and 4T1 and D2.A1 breast cancers), this nanoparticle-based
neoadjuvant combination immunotherapy strategy could substantially
reduce tumor size (up to 75%), creating favorable conditions for sub-
sequent successful surgical resection. At the same time, it was found that
this sequential treatment strategy (nanoparticle-based neoadjuvant
combination immunotherapy followed by surgical resection) could also
generate robust, protective immunological memory against recurrence,
compared with adjuvant combination immunotherapy or surgical
resection alone. This impressive outcome can be partly explained by the
recruitment of tumor-specific CD8" T cells, activated by
nanoparticle-based neoadjuvant combination immunotherapy, and
removal of the immunosuppressive tumor microenvironment by surgical
resection [120].

Apart from the paradigm of immunostimulatory neoadjuvant com-
bination immunotherapy, nanoparticles can also be used in other neo-
adjuvant combination immunotherapies, such as neoadjuvant
chemoimmunotherapy [121] (Section 6.3), cancer vaccination, and
immune checkpoint blockade based combination immunotherapy
[122], and TME-regulation based combination immunotherapy [118].
All these paradigms give us a fascinating insight into how combination
immunotherapy depends on specific advantages of nanoparticle-based
delivery systems, including specific and effective immune cell activa-
tion, improved targeted drug/immunomodulator delivery, cell target-
ing, limiting off systemic and target toxicity [122].
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Fig. 5. Schematic combining systemic dual agonists (STING and TLR4) formulated in immunostimulatory lipid NPs (immuno-NP) with anti-PD1, as a powerful
neoadjuvant immunotherapy [119]. Copyright 2009, Royal Society of Chemistry.
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5. Nanotechnology in neoadjuvant phototherapy
5.1. Nano-phototherapy-assisted preoperative delineation of tumor

Surgical resection is a mainstay in the treatment of malignant tu-
mors. As important as tumor diagnosis, the precise localization and clear
delineation of the tumor is the prerequisite for precise resection,
including consideration of the infiltrated growth nature of most tumor.
The preoperative and intraoperative delineation of tumor is directly
related to the success of complete tumor resection, minimizing damage
to the surrounding healthy tissue and reducing complications and the
risk of tumor recurrence. The rapid development of nanotechnology-
based imaging provides a great opportunity to delineate the margins
of the tumor for precise and complete surgical resection, especially for
brain tumor [123-125].

Due to the complexity and critical functions of neurological struc-
tures and the invasive growth nature of brain tumors, complete brain
tumor resection is one of the greatest challenges in surgery. Gliomas
always grow adjacent to and/or infiltrate some crucial neurological
structures [126,127], which makes it difficult to distinguish between the
brain—-tumor boundaries during the operation. Therefore, the choice
between surgical resection and cytoreduction must be assessed after
comprehensive consideration between postoperative recurrence and
nonregenerative nerve injury [128]. To overcome the difficulty in
delineating brain tumor margins preoperatively and intraoperatively,
Gao et al. exploited the acidic tumor microenvironment and devised a
pair of gold nanoprobes, which could not only cross the blood-brain
barrier (BBB) and navigate to the brain tumor, but also assemble into
bulk aggregates to form 3D spherical nanoclusters [129]. The surface of
the Au-NPs was first given azide or alkyne functionality to generate
Au-AZ and Au-AK, respectively, followed by conjugating Raman re-
porters (IR783B) and paramagnetic Chelators (Gd-DTPA) and shielding
with a flexible PEG chain. The inward ends of PEG contained the
acid-labile hydrazone bond, and their outward ends were modified with
angiopep-2 peptide, which endowed the nanoparticles with active tar-
geting to cross the BBB [130]. The difunctional PEG decoration not only
endowed the nanoparticles with high colloidal stability and long cir-
culation half-life, but could also respond to the acidic environment by
removing the shielding layer to expose the inner azide and alkyne
functionality, triggering copper-free cycloaddition and assembly of
AuNP. The assembly of the paired nanoprobes would activate the
surface-enhanced resonance Raman spectroscopy and MRI signals,
which not only could define the location of brain tumor preoperatively
(through MRI imaging) with high sensitivity and durability, but also
delineate and distinguish the tumor margins to guide the tumor resec-
tion through Raman imaging (RI) by portable Raman device. This
nanoparticle-based combination of MRI imaging for tumor location
preoperatively and RI for guiding surgical resection intraoperatively
could improve the outcome of brain-tumor surgery and represents a
promising approach for clinical translation. Kircher et al. further
developed a unique triple-modality MRI-photoacoustic imaging (PAI)-RI
nanoparticle (MPRs) with high sensitivity, specificity and spatial reso-
lution, to allow for more accurate brain tumor resection [125]. The
MPRs integrate a gold core, the Raman molecular layer, and Gd>* ions
modification for PAI, RI, and MRI, respectively. The key merits of MPRs
include: (i) real-time brain tumor localization in whole brain by mag-
netic resonance imaging macroscopically, (ii) high spatial and depth
resolution and stereo-imaging by using PAI, and (iii) highly specific,
distinct, and sensitive tumor margin imaging using RI.

Except for the primary tumor, lymph nodes are also important tar-
gets for the design of therapeutic strategies, and prognosis depends on
accurate evaluation of lymph nodes metastasis preoperatively and
metastatic lymph node resection. To this end, Dong et al. developed a
natural cuttlefish melanin nanoprobe by integrating Gd ion-based MRI
and near-infrared-II dye imaging for lymphatic location, to allow for
assessment and accurate resection of lymph nodes [131]. In addition to
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Au nanoparticles, by taking full advantage of nanocarriers used in
drug/cargo loading and delivery, other nanoparticles, such as Fe3O4
magnetic nanoparticles [123,132], mesoporous silica gadolinium [133],
and hydrogel nanoparticles [134], can be used as a multifunctional
nanoplatform for integrating optical imaging, fluorescence imaging,
PAIL RI, and MRI probes for preoperative and intraoperative tumor
imaging.

5.2. Nano-phototherapy mediated preoperative tumor remission

Phototherapy, including photothermal therapy (PTT) and photody-
namic therapy (PDT), is a new medical treatment using natural or arti-
ficial light. Phototherapy has the advantages of high efficiency and
reduced damage to the surrounding tissues, and thus, has been thor-
oughly investigated via basic research and applied widely in clinical
practice, including tumor treatment [135-138]. Recently, some pre-
clinical research tried to apply phototherapy as a neoadjuvant treatment
for preoperative application. For example, Huang et al. developed a
versatile cobalt-glycerate nanoplatform (CoG-NS) with enhanced MRI
for imaging-guided synergistic neoadjuvant PTT and PDT treatment of
oral squamous cell carcinoma (OSCC) (Fig. 6) [139]. The constructed
CoG-NS accumulated in the OSCC through enhanced permeability and
retention (EPR)-based passive targeting. Folic acid grafted on the
nanoparticles surface mediated active targeting, which could be used as
an MRI contrast agent for tumor imaging guidance following photo-
therapy. Upon 808-nm laser irradiation, CoG-NS could efficiently
transform the light to heat, inducing hyperthermia, and simultaneously
activating the intrinsic catalytic potential of CoG-NS, generating oxygen
and reactive oxygen species (ROS), realizing the synergetic photo-
therapy of combined PTT and PDT. After the tumor was surgically
resected, the residual CoG-NS in unresected tumor cells could still pro-
vide syngeneic phototherapy by PTT and PDT, under laser irradiation,
decreasing OSCC local recurrence and increasing the total survival time
[139].

In a different approach from targeting tumor tissue with photo-
therapy for NACT, Deng et al. constructed a mitochondrially targeted
and X-ray-activated PDT nanoconstruct for treatment of rectal cancer
[140]. The photosensitizer verteporfin and ultrasmall Au-NPs, which are
radiation enhancers, were co-loaded in biodegradable polymer poly
(lactic-co-glycolic acid) (PLGA) nanocarriers, and conjugated with tri-
phenylphosphonium, a mitochondria targeting moiety, on the surface of
the nanoconstruct, generating X-PDT. It was founded that a single, low
fraction of radiotherapy of up to 4 Gy (compared to high doses of 45 Gy
used in standard fractionated radiotherapy) could induce significant
cytotoxic-ROS generation within the mitochondria. This triggered loss of
mitochondrial membrane potential and led to apoptosis of cancer cells.
One prominent benefit of X-PDT is that it overcomes limitation of uni-
versal PDT, i.e., only acting on surface tumors, by acting on deep tumors
using the tissue-penetrating properties of X-rays. Therefore, the direct
integration of X-radiotherapy and PDT has significant potential for
future clinical translation.

As aforementioned, an intrinsic disadvantage of near-infrared (NIR)
light is its insufficient penetration depth, which limits the application of
NIR-based phototherapy to surface tumors, and ineffective for deep
abdominal tumors. To overcome this limitation, Li et al. developed a
multifunctional IR820@PEG-SPIO, which integrated fluorescence, pho-
toacoustic and magnetic resonance imaging capabilities to realize multi-
modal-guided ablation of deep orthotopic hepatocellular carcinoma
(HCQC), with the assistance of minimally invasive laparoscopic-assisted
photothermal ablation (L-A PTA) as a preoperative neoadjuvant treat-
ment [141]. The IR820@PEG-SPIO was comprised of biodegradable
superparamagnetic iron oxide (SPIO), MRI contrast agent gadolinium,
and organic fluorescent contrast agent IR820. This formulation exhibi-
ted an ultrasmall size (14.3 nm), good biocompatibility, and excellent
EPR-based passive target distribution capability. The integrated trimo-
dal imaging (fluorescence imaging, PAIL, and MRI) could cooperatively
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Fig. 6. CoG-NS-mediated MR-guided neoadjuvant phototherapy for oral squamous cell carcinoma. a. Scheme of the synthesis of CoG-NSs and its MR-guided pre-
operative phototherapy for oral squamous cell carcinoma. b. TEM image of CoG-FSs. c. TEM image of CoG-NSs. d. Elemental mapping of CoG-NSs (EDS). e. Con-
centration dependent photothermal effect of CoG-NSs. f. Photothermal stability of CoG-NSs over laser on/off cycles. g. Uptake of CoG-NSs by CAL-27 cells (scale bar:
20 pm). h. Live/dead cells staining of CAL-27 cells with Calcein-AM (green: live cells) and PI (red: dead cells) after treatment with various concentration of CoG-NSs
with or without laser (scale bar: 100 pm). i. Phantom T2-weighted MR images of different concentrations of CoG-NSs suspensions. j. Phantom T1-weighted MR
images of different concentrations of CoG-NSs suspensions. k. In vivo axial T1 and T2 MR imaging of tumor at different time point post injection of CoG-NSs. 1. In vivo
infrared photothermal imaging of CAL-27 tumor. m. Immunofluorescence of HIF-1a expression in the tumor after different treatments (scale bar: 100 pm). n. DHE
staining of ROS in tumor tissue in different groups (scale bar: 100 pm). o. The schedule of CoG-NS-mediated MR-guided neoadjuvant photo-therapy anticancer
recurrence. p. Representative photos of CAL-27 tumor-bearing BALB/c nude mice in different treatment groups at different time. q. Survival curve of CAL-27 tumor-
bearing BALB/c nude mice in different treatment groups. r. The recurrence of CAL-27 tumor-bearing BALB/c nude mice in different treatment groups [139].

Copyright 2022, Elsevier.

detect and co-locate HCC, even at the early-stage (<2 mm), which would
pave the way for subsequent accurate invasive laparoscopic-assisted
PTT to completely ablate interior HCC. This study provided an excel-
lent paradigm of multimodal-imaging—guided phototherapy for deep
abdominal small tumor or micro-metastases.

6. Nanotechnology-mediated preoperative multimodal
theranostics

Nanotechnology-mediated nanomedicine is a comprehensive disci-
pline, involving in medicine, pharmaceutical science, materials science,
chemistry, and biology. Its generalist feature makes it easy to realize the
integration of multiple diagnostic and therapeutic modalities. Therefore,
advances in nanotechnology can increase the precision of imaging-
guided surgery and surgery-assisted synergistic therapy with adjuvant
therapy (e.g., chemotherapy, immunotherapy, and phototherapy) [2].
Seizing this momentum, many attempts are being made to realize the
promise of synthetic neoadjuvant therapy for the comprehensive tumor
therapy.

6.1. Nanotechnology integrated neoadjuvant chemo-radiotherapy

The combined application of chemotherapy and radiotherapy is a
universal therapeutic regimen for adjuvant and neoadjuvant treatment
of tumors [142-144]. However, the overlapping toxicity of chemo-
therapy and radiotherapy is impediment to radiosensitizing chemo-
therapy [145]. Most recently, some preclinical research has put this
combination into practice as adjuvant and neoadjuvant therapy, with
the assistance of nanotechnology to provide the advantage of targeted
drug delivery [146-148]. In a phase Ib/II trial of nanomedicine-based
NACT and radiotherapy for locally-advanced rectal cancers, it was
shown that the addition of nano-camptothecin CRLX101 to the standard
neoadjuvant CRT was well tolerated in advanced rectal cancer patients
at the weekly maximum tolerated dose (15 mg/m?), which represents a
feasible clinical potential for nanomedicine use in CRT to improve
therapeutic windows [149]. To reduce CRT-induced severe, general
toxicity and improve its therapeutic efficacy and benefit, Zhang et al.
developed a novel NACT-based on Abraxane/human neutrophils (NEs)
cytopharmaceuticals with radiotherapy [148]. By virtue of the natural
chemotaxis of NEs to inflammatory tumor, NEs were employed as Trojan
Horse-like nanodrug carriers to deliver Abraxane, a nano-formulation of
albumin-bound PTX, to cancer with guidance to the tumor through
secreted inflammatory factors [127,150]. They further found that local,
low dose radiotherapy not only caused tumor disruption, but also
increased the release of inflammatory factors to guide more NEs to home
in on the tumor. Simultaneously, these activated NEs burst to release
Abraxane through neutrophil extracellular traps, realizing increased
synthetic anti-tumor efficiency of chemotherapy and radiotherapy
[148]. Moreover, by integrating targeting ligands and diagnostic probes
into the neoadjuvant chemoradiotherapy nano-systems, it is easy to
realize active and accurate tumor targeted neoadjuvant therapy and
diagnostic imaging, providing primary data to develop the subsequent
optimal treatment strategy. For example, Lee et al. developed an active
targeted chemoradiotherapy nanosystem (Cy7-B5-HSA-5-FU NPs) by

147

integrating low-density lipoprotein receptor-related protein-1 (LRP-1)
affinity peptide B5 as the targeted ligand, 5-FU for chemo-radiotherapy,
and Cy?7 fluorophore for diagnostic imaging, into human serum albumin
nanoparticles (HSA NPs), improving the effectiveness of neoadjuvant
treatment and increasing the ratio of tumor CR [37].

6.2. Nanotechnology-integrated neoadjuvant chemo-phototherapy

For effective preoperative remission and prevention of postoperative
recurrence and adhesion, Wei et al. developed a multifunctional
injectable supramolecular drug-loaded nanocomposite hydrogel (NCH)
by integrating oxaliplatin@cucurbit and AuNPs into chitosan/oxidized-
konjac glucomannan matrixes (OxPt@CB-NCH) [151], to launch local
and controllable NACT and PTT. Compared to systemic administration,
this localized and injectable hydrogel, applied as a preoperative therapy
strategy to eradicate or shrink tumors, has the several advantages.
Firstly, oxaliplatin could response TME-overexpressed spermine to
release from the hydrogel, to exert its selective anti-tumor effect and
enhanced anti-tumor activity by consequent consumption of spermine,
which would minimize its adverse effect. Secondly, in virtue of the
non-invasiveness and high spatiotemporal controllability of PTT, a mild
and uninjurious PTT (around 45 °C) was executed to facilitate the
release of oxaliplatin, its intratumoral permeation and cellular inter-
nalization, and sensitization tumor cells to chemotherapy [152,153],
leading to a synergistic enhancement by chemo-phototherapy. More-
over, it was also found that a single application of OxPt@CB-NCH for
resection could still execute high anti-tumor efficiency in residual tu-
mors to prevent tumor recurrence and act as an excellent barrier ma-
terial to prevent postoperative adhesion. To reduce cisplatin-based
NACT induced dose-dependent toxic side effects in its implementation
for preventing bladder cancer progression and recurrence, Ding et al.
developed a photoenhanced cancer chemotherapy (PECC) strategy
based on AlEgen (BITT) [154]. They loaded BITT and the cisplatin (IV)
prodrug (DSP) into the biocompatible and biodegradable bovine serum
albumin (BSA) nanocarrier, yielding BITT@BSA—DSP NPs. It was found
that integration of BITT could execute the NIR-imaging-guided photo-
dynamic therapy (PDT) and photothermal therapy (PTT), and increase
the sensitivity of bladder cancer to cisplatin chemotherapy, thereby
realizing enhanced PECC efficiency with negligible side effects [154].

6.3. Nanotechnology integrated neoadjuvant combination
immunotherapy

The unprecedented benefits of immunotherapy in treating advanced
solid tumors has led to increased research into the adoption of immu-
notherapy for early stage solid tumors, including preoperative tumor
treatment with neoadjuvant immunotherapy [155]. Similar to other
neoadjuvant therapies, the primary objective of neoadjuvant immuno-
therapy is shrinking the primary tumor to minimize the extent and
morbidity of subsequent surgery, evaluating and optimizing the thera-
peutic treatment regimens, and activating the immune system by mak-
ing full use of the rich array of tumor antigens to combat
micro-metastases and reduce recurrence [155]. These objectives (in
other words benefits) are largely verified in recently published
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preclinical research [117,156,157]. It was found that most neoadjuvant
immunotherapy was combined with other therapeutic modalities,
including chemotherapy and radiotherapy [90]. The main function of
these immune boosters is not to exhaust their capacity to eliminate to
tumor cells, but to trigger tumor specific antigen release to elicit tumor
specific immune response, thus taking full advantage of the “hot” feature
of tumors in the early stage [158]. Recently, some research tentatively
integrates neoadjuvant immunotherapy and other therapeutic modal-
ities into the blooming nanomedicine field to maximize their anti-tumor
effect, based on the ability of nanomedicine for targeted delivery of drug
combinations and multi-modal tumor theranostics. For example, Atu-
korale et al. developed a neoadjuvant therapeutic strategy by combining
the immune checkpoint inhibitor anti-PD1 with a powerful immunos-
timulatory nanoparticle (immuno-NP) to combat drug-resistant tumors
and prevent relapse and metastasis [119]. It was shown that two syn-
ergistic immune-stimulators, the STING agonist (cdGMP) and the TLR
agonist (MPLA) were readily co-encapsulated in lipid-based nano-
particles in a specific ratio (immune-NP) [159,160]. The immune-NP
could trigger a 75-fold increase in production of interferon f in pri-
mary splenocytes compared to single-agonist treatment. An in vivo
investigation using BI6F10 melanoma and breast cancer models, found
two key effects. First, the combination of immune-NP with anti-PD1
primed local CD8" T cells and augmented their tumor-killing activity
against the primary tumor by targeting and co-activating APC. Second,
the treatment also generated a protective immunological memory
response to prevent tumor recurrence [119]. Another powerful strategy
is the amalgamation of NACT and neoadjuvant immunotherapy by
leveraging the nanoplatform, termed neoadjuvant chemo-
immunotherapy, to minimize post-surgical tumor metastasis and
recurrence. Nanoplatform-mediated chemotherapy induces immuno-
genic tumor cell death, producing multiple tumor-specific antigen epi-
topes to mobilize the host immune system. Simultaneously,
immunotherapeutic agents loaded in the nanoparticles, such as immune
checkpoint inhibitors and immunoadjuvant, would boost and amplify
the ICD-induced anti-tumor immune response [161]. One example is the
tactical nanomissile (TALE) for neoadjuvant chemoimmunotherapy,
developed by Gong, to mobilize anti-tumor immunity and minimize
post-surgical tumor metastasis and recurrence [121]. The TALE was
comprised of three functional ingredients, including mitoxantrone (Mit)
as the ICD inducer, a PD-L1 immune checkpoint inhibitor and tumor
targeting ligand, and AZO as the tumor intracellular
azoreductase-responsive nanocarrier and immunoadjuvant, referred to
mitoxantrone@anti-PD-L1/azobenzene/lipo (MPAL). MPAL as the
neoadjuvant chemoimmunotherapy could generate an in situ tumor
vaccine to stimulate the host immune response, and achieved primary
tumor regression while minimizing post-surgical tumor metastases and
recurrence [121].

6.4. Other nanotechnology-integrated neoadjuvant treatments

Apart from the aforementioned nanotechnology-mediated multiple
neoadjuvant therapies, some other nanomedicine-integrated multiple
neoadjuvant treatment models are being developed and display
tremendous therapeutic potential and preventive anti-tumor immune
benefits. For example, we developed biomimetic mesoporous silica
nanoparticles to mediate the combination of TME reprogramming and
NACT, which could significantly reduce the metastasis of breast cancers
to other organs, including lungs and liver [20]. Deng et al. developed a
mitochondrially-targeted poly(lactic-co-glycolic acid) (PLGA) nano-
carrier loaded with the photosensitizer verteporfin and ultra-small gold
nanoparticles to provide synergism with neoadjuvant X-ray radiation
and photodynamic therapy (PDT), termed X-PDT treatment, which
could amplify the efficacy of radiation for rectal cancer and reduce
radiation-associated ~ side  effects [140]. By  leveraging
nano-photothermal therapy (NPTT), Yan et al. developed the new idea
of “neoadjuvant NPTT” [21]. The key notion of neoadjuvant NPTT was
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that multimodal imaging guidance nanomedicine-mediated tumor pre-
operative phototherapy could shrink the tumor in a short time and make
the tumor distinguishable from the adjacent normal tissue, which has
high clinical potential when preparing for surgical resection [21].
Similar to neoadjuvant NPTT, nanoplatform-mediated MR-guided neo-
adjuvant photothermal/photodynamic therapy for oral squamous cell
carcinoma was also developed and verified [139]. There is no doubt that
all these integrated neoadjuvant treatments are based on the dis-
tinguishing multifunctional features of the nanoplatform, including the
ability to deliver multiple cargos, targeted accumulation at specific
destinations, and spatiotemporal coordination of cargo delivery. These
properties will lead to a significant increase in the development of
additional synergistic neoadjuvant treatments.

7. Outlook

For most solid tumors, surgical resection is still the primary and most
effective therapeutic option. Therefore, the preoperative preparation for
tumor resection (such as determination of malignant tumor margins),
intraoperative imaging-guided surgery and postoperative complete
resection verification and care are crucial for positive surgical outcomes
[2]. The development and application of multifunctional nanoplatforms,
which combine medical and optical imaging technologies, will pave the
way for improved cancer theranostics and surgical resection. Conven-
tional preoperative and intraoperative single imaging modalities have
several short comings, such as limited spatial resolution of MRI, rapid
clearance from body, insufficient surgical window of small molecular
imaging, poor specificity, and limited penetration for optical imaging.
By comparison, nanoplatform-based multimodal imaging could realize
unparalleled advantages in increased sensitivity, specificity, and spatial
resolution by integrating the merits of a range of imaging modalities and
the superiority of nanotechnology into a single application. For example,
triple-modality MRI-photoacoustic-Raman nanoparticles exerts obvious
superiority in accurate brain-tumor imaging and resection [125]. The
natural cuttlefish melanin nanoprobe exhibits specific advantages in
preoperative and intraoperative mapping of lymphatic metastases in
sentinel lymph nodes (SLN), by integrating NIR-II imaging and MRI into
the cuttlefish melanin nanoparticle [131]. Although many imaging
modalities could be formulated into the nanoplatform to construct
multimodal imaging nanoprobes, appropriate and accessible imaging
equipment must be identified, which is a challenge in the development
of new multimodal imaging nanoprobes.

Tumor surgical resection is part of a comprehensive treatment
management program which includes preoperative diagnosis, evalua-
tion, neoadjuvant treatment, intraoperative real-time multimodal im-
aging and evaluation, multiple drug combination management and
postoperative adjuvant treatment, recurrence prevention, wound heal-
ing care, and anti-infection management. However, few existing thera-
peutic paradigms are capable of simultaneously considering and
covering this all-encompassing cancer management plan before and/or
after surgery. Therefore, developing some reliable therapeutic modal-
ities that can handle and cover the overall course of tumor management
may be a convenient and universal strategy. Nanotechnology-based
nanomedicine may turn these into reality. For example, Chen et al.
developed the nanomedicine-based multifunctional injectable hydrogel,
which not only displayed preoperative tumor burden remission via mild
PTT-enhanced chemotherapy, but also effectively inhibited the post-
operative tumor recurrence and prevented postoperative adhesion
[151]. It is worth mentioning that nanomedicine which are not just
limited to preoperative administration but adapted to the whole process
of tumor management will be an exciting outcome.

Although nanomedicine-mediated tumor immunotherapy has ach-
ieved great progress, its application in neoadjuvant immunotherapy,
especially neoadjuvant combination immunotherapy, is in its infancy. In
fact, at early stages of the tumor, many proinflammatory anti-tumor
immune cells, including M1 macrophages, DCs and CD8" T cells exist
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in the TME in a quiescent manner, which has led to the label “hot” tumor
[162]. This characterization of a “hot” tumor holds much therapeutic
potential compared to its counterpart, the “cold” tumor. The need to
transform the “cold” tumor to a “hot” tumor requires attention [163],
and focusing on how to awaken and augment the anti-tumor immune
reaction is critical. These dispositions include the targeted delivery of
immune-stimulators to early-stage tumor microenvironment to activate
innate and adaptive immune cells, and early interventions to instigate
the release of tumor specific antigens to induce and enhance tumor
specific immune response. Thus, it can be foreseen that
nanoparticle-mediated delivery of immunomodulators to the primary
tumor immunosuppressive environment, in combination with other
therapy modalities, such as chemotherapy or phototherapy, to trigger
the release of tumor specific antigens which activate the immune
response, would hold great anti-tumor potential as neoadjuvant immu-
notherapy. In these situations, apart from the selection of immune
modulatory agents, more attention should be paid to the optimization of
the nano-delivery system, including their composition, surface modifi-
cation, size and cargo release.

In addition to the primary tumor, another preoperative imaging and
surgical target is the lymph nodes (LNs). Accurate preoperative imaging
of LNs and their acquisition during and after surgery is of great signifi-
cance to grading, treatment, and prognosis evaluation for tumors,
especially in patients with gastric cancer [164,165]. Some studies have
indicated that obtaining an adequate number of dissected lymph nodes
is positively associated with improved survival rate [166,167]. This puts
a higher demand on the LN imaging. Traditional optical dyes (such as
Evans blue, indocyanine green, and IR820) and
radiolabeled-tracer-based LN imaging have clinical limitations due to
their insufficient accumulation, rapid clearance, and short retention
time [165,168]. The advanced development of nanotechnology brings
many new opportunities to preoperative LN imaging. For example, a
dual-modal magnetic iron oxide nanoparticle, which combines MRI and
NIR imaging, was successfully constructed and applied in intraoperative
sentinel lymph node mapping, and exhibited high tissue penetration and
sensitive detection [168]. A similar nanoprobe integrated
near-infrared-II imaging, with naked eye identification and MRI, was
also developed for preoperative and intraoperative evaluation of
lymphatic metastasis with high accumulation, high sensitivity, and high
signal-to-noise ratio [131]. More recently, it was found that preopera-
tive gastroscopic submucosal injection of carbon nanoparticles in pa-
tients undergoing laparoscopic radical gastric cancer surgery could
significantly shorten operation time and increase the number of total
LNs resected to improve their accurate pathological staging [164].
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