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Abstract

Off target toxicities is one of the hallmarks of conventional chemotherapy as only a tiny 

percentage of the injected dose actually reaches the tumor(s). Numerous strategies have been 

employed in attempts to achieve targeted therapeutic delivery to tumors. One strategy that has 

received immense attention has been the packaging of these chemotherapeutics into nanoparticles 

and relying on the enhanced permeation and retention (EPR) effect for targeting. However, few, if 

any, nanoformulations have been used clinically that actually show enhanced drug delivery to 

tumors. There are a number of biological barriers to successful targeted delivery and nanoparticles 

large enough to theoretically benefit from the EPR effect predominantly accumulate in the liver 

and spleen after systemic administration. Nanoparticles that do reach the tumor will experience 

challenges such as difficulty penetrating deeply into tumors and rapid uptake by macrophages 

rather than tumor cells. In order to overcome this, researchers are investigating a new drug delivery 

system by utilizing T-cells, macrophages, or stem cells (Mesenchymal/Neural Stem Cells) and 

loading them with therapeutic nanoparticles for targeted delivery due to either their organotropic 

or tumor tropic migratory capabilities. By exploiting the migration and motility of these particular 

cells, researchers have delivered drug-loaded nanoparticles as well as nanoparticles for use in 

thermal ablation and magnetic field treatments, with the goals of decreasing off-target toxicities 

and increasing intratumoral distribution of the therapeutic payload. This is an inherently complex 

drug delivery system that requires optimization of multiple parameters – including cell type, 

payload, cell loading, release rate from nanoparticle and more – for success. Here we review 

recent advances and upcoming challenges for the field.
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1. Introduction

The administration of chemotherapy drugs generally results in a small fraction of the 

administered dose acting at the tumor site, which results in significant off target toxicities. 

Targeted drug delivery offers the promise of increasing the fraction of drug delivered to the 

tumor. Such delivery must overcome a number of biological hurdles to arrive at the tumor 

site and then penetrate the physiological barriers present at the tumor microenvironment [1]. 

Nanoparticles have long been touted as potential delivery vehicles that could be used for 

targeted chemotherapy delivery. For systemic administration, this strategy primarily depends 

on taking advantage of the leaky vasculature seen in tumors due to the enhanced 

permeability and retention (EPR) effect, however, the clinical utility of this targeting 

approach appears to be limited. Moreover, even for nanoparticles that reach the tumor, 

penetration and distribution of the payload throughout the tumor can be challenging [2]. The 

interstitial fluid pressure at a tumor inhibits nanoparticles from penetrating and extravasating 

to distal sites within the tumor. The intratumoral pressures are caused by disrupted 

vasculature and impaired lymphatic drainage [3, 4]. Generally, a small percentage of 

nanoparticles accumulate in tumor cells closest to the blood vessel, however, the majority 

are readily internalized by tumor associated macrophages making it extremely difficult to 

penetrate the tumor [3]. Thus, while nanoparticles have been prepared with a wide variety of 

drug cargoes and have shown the ability to control the release of these payloads, targeted 

delivery with just nanoparticles remains challenging.

On the other hand, a number of cell types have been shown to be organotropic or tumor 

tropic and are being investigated due to their migration abilities, whether they be immune 

cells that scavenge the body for pathogens or stem cells that home in on inflammatory 

tissues/tumors.[5, 6] These cells are thought to be beneficial in penetrating the physiological 

barriers that nanoparticles struggle to pass through. A number of researchers are now trying 

to leverage these properties by using these cells as carriers for various payloads, which 

include drug-loaded nanoparticles or relatively inert particles that can be activated for 

thermal ablation. In order to develop cell carriers to maximize therapeutic potential, a few 

criteria must first be met. 1) Cell carriers must have tropic abilities that lead to accumulation 

at tumor sites 2) Cell carriers must be resistant to payload for a certain amount of time in 

order to allow cells to migrate to tumor sites. 3) Cell carriers must carry an efficacious 

amount of payload to the tumor site. In this review we will go over various different cell 

types that have been used as cell carriers for drug-loaded nanoparticles.

2. Nanoparticles used in drug delivery

Nanoparticles are a class of materials in which at least one dimension resides in the 

nanometer range. Many biological structures, such as proteins, viruses, and bacteria exist 

with precise shapes, sizes (nanometer size range), and chemistries. Much like these 

biological structures, nanoparticles can be precisely engineered to be a certain size, 

geometry, and surface charge in order to mimic their biological counterparts. Some of the 

unique properties nanoparticles have, which are not typically found in their bulk form, 

include high surface-to-volume ratio and thermal, electrical, magnetic, and optical 

characteristics [7, 8]. The specific properties of these biological structures and engineered 
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nanoparticles allow them to interact and function in the body. Due to this, nanoparticles have 

emerged as a promising technology used in drug delivery.

Some of the most common nanoparticle structures used in drug delivery applications include 

liposomes, micelles, polymeric nanoparticles and silica nanoparticles.[9, 10] Here, we 

briefly discuss each of these materials and higlight the most advanced examples 

representative of each particle type.

Liposomes

Liposomes are nanoparticles that are composed of amphiphilic molecules such as cholesterol 

or phospholipids. These molecules are non-toxic, non-immunogenic, and biodegradable. 

Their amphiphilic nature (polar and non-polar moieties) allows the molecules to form lipid 

layers that self-assemble into closed vesicles (unilamellar or multilamellar), allowing drugs 

to be encapsulated within.[11] Liposomes can be functionalized with poly(ethylene glycol) 

(PEG) to prolong circulation in the blood stream, avoiding uptake by macrophages.[12, 13] 

Doxil and DaunoXome are two commercially available liposomal drug formulations 

approved by the FDA for cancer therapy. Doxil was the first FDA approved PEGylated 

biodegradable liposome developed to encapsulate doxorubicin for the treatment of solid 

tumors. DaunoXome uses a liposomal formula for daunorubicin delivery.[9, 11, 13]

Micelles

Micelles are also composed of amphiphilic molecules, such as diblock and triblock 

copolymers (PEG-poly(L-aspartate), PEG-poly(L-glutamate), PLGA-PPO-PLGA, PEG-

PPO- PEG, etc.). They self-assemble into nanostructures consisting of a hydrophobic core 

and hydrophilic exterior shell when the amphiphilic polymer has exceeded the critical 

micelle concentration (CMC).[14] They are able to encapsulate poorly water soluble drugs, 

due to the hydrophobic core of the micelle. Many of the diblock and triblock copolymers 

used are biodegradable and biocompatible, allowing for full renal clearance of the micelles 

over time. The hydrophilic PEG prevents opsonization of serum proteins, prolonging 

circulation of micelles in the body.[10, 12, 15] Current micellar drug delivery vehicles in 

phase III clinical trials include Genexol-PM (PEG-poly(D,L-lactide) and NK105 (PEG-

poly(aspartate) for the treatment of breast cancer.[16–18]

Polymeric Nanoparticles

Polymeric Nanoparticles can be composed of single polymer chains such as polyesters 

(PGA, PLA, PLGA), PLGA copolymers (PLGA-PEG), polycaprolactones, chitosan, 

polyamides, hyaluronic acid, or dextran.[19] PLGA is the most widely used biodegradable 

polymer in formulating nanoparticles. PLGA is FDA approved for use in humans since it 

can undergo hydrolysis in the body to form lactic and glycolic acid in the body, both which 

are non-toxic. PLGA particles have been engineered by different methods, including oil-in-

water emulsion methods and nanoprecipitation using an anti-solvent.[20, 21] Eligard is an 

FDA approved PLGA nanoparticle used for the delivery of leuprolide for the treatment 

prostate cancer.[22]
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Silica Nanoparticles

Silica nanoparticles are being explored in drug delivery due to their biocompatibility 

(generally regarded as safe by FDA) and scalability. They are synthesized from silica 

precursors such as tetraethyl orthosilicate (TEOS). The size and porosity of silica 

nanoparticles can be tuned as well. The Stöber method involves using a combination of 

water, alcohol, TEOS, and ammonia to produce nonporous silica nanoparticles.[23, 24] 

Mesoporous silica nanoparticles are can be created by using the Stober method plus added 

surfactant such as cetyl trimethylammonium bromide (CTAB). CTAB removal by washing 

of the silica nanoparticles generates pores. Porosity can be tuned depending on the 

concentration and type of surfactant used. Surface modifications can be easily made as well 

for PEGylation or drug loading.[25] There are many silica nanoparticles currently in 

preclinical studies.[26]

Nanoparticles for Delayed Release

Nanoparticles can be used to package hydrophobic drugs without the use of toxic excipients 

and can be engineered to have a delayed drug release over time [27]. For instance, polymeric 

nanoparticles made of polyesters, polyamides, or polysaccharides undergo either hydrolytic 

of enzymatic degradation and are able to release their payload in a controlled manner [27]. 

Nanoparticles can also be synthesized with pH-sensitive linkers, such as hydrazones, that 

degrade in the endosomal compartment of cells or acidic tumor environment [27, 28]. Due to 

the varied composition, ease in tunability, and control over drug release kinetics, drug-

loaded nanoparticles are being investigated for use in the treatment of various tumors in a 

passive manner. However, relying on the passive delivery of nanoparticles is not without its 

challenges.

3. Challenges in targeting nanoparticles to tumors

The study of nanoparticles as drug delivery vehicles has generally been motivated by 

targeting tumors with poorly formed and leaky vasculature. In 1986, Matsumura and Maeda 

described a phenomenon later termed the enhanced permeability and retention effect (EPR 

effect) in tumors [29]. The EPR effect describes the increased accumulation of particulates 

in the tumor due to a combination of fenestrations in the vasculature and poor lymphatic 

drainage from tumors. This EPR effect is considered the primary mechanism for the passive 

accumulation of nanoparticles in tumors in vivo [30]. The fenestrations in the blood vessels 

act as a sieve leading to nanoparticles being trapped in the perivascular space. Additionally, 

the impaired lymphatic drainage prevents the tumor from efficiently clearing the 

nanoparticles allowing nanoparticles to accumulate at the tumor in greater quantities than in 

healthy tissues. Many of the systems being developed today in the laboratory for tumor 

targeting rely exclusively on this passive accumulation of nanoparticles in the tumor. While 

laboratory development of nanomedicines depends on this EPR effect in rodents, the 

prevalence of this phenomenon in human tumors is unclear with clinical evidence suggesting 

that the extent of EPR depends highly on the tumor type [3, 31]. Moreover, this passive 

accumulation also results in accumulation in the liver, due in part to the similar fenestrations 

in the blood vessels that are a part of the normal physiology of the liver.
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The ease of engineering nanoparticles to be of a certain material, size, shape, charge, and 

geometry has contributed to the popular notion that nanoparticles can be specifically 

designed to deliver therapeutics efficiently to the tumor site. However, despite careful 

control of the physical and chemical properties of nanoparticles and careful control over 

their surface coating, nanoparticles rarely have higher than 10% injected dose in the tumor 

with many reports of less than 5% injected dose [32]. This accumulation at the tumor is 

likely to overestimate the actual amount of nanoparticle that interacts with a cancer cell. In 

the tumor environment, nanoparticles could accumulate adjacent to the blood vessel or be 

phagocytosed by macrophages associated with the tumor [33, 34].

While 10% of the injected dose at the tumor may be higher than free drug, the majority of 

nanoparticles injected, regardless of coating, accumulate in the liver. Using current 

strategies, it may be possible to delay liver accumulation, but the final biodistribution of 

nanoparticles is predominantly liver accumulation. In general, liver clearance is highly 

efficient for many materials in the body and escaping this clearance is restricted to a small 

minority of materials (e.g. red blood cells) through a tightly regulated process. It is likely 

that to achieve a dramatic improvement in targeting efficiency to tumors, alternate strategies 

will have to be developed, such as local administration of nanoparticles, or the cell-based 

delivery discussed in this review.

4. T-Cells

4.1 Naïve T-cells

Chemotherapeutics have difficulty reaching certain tissue compartments, such as lymph 

nodes in lymphoma [35]. After leaving the thymus, naïve T-cells or lymphocytes that have 

not been activated by antigen-presenting cells (APCs) have the ability to circulate 

throughout the body migrating and localizing in secondary lymphoid organs, such as the 

lymph nodes (organotropic) as seen in Figure 1a. Naïve T-cells can enter the lymph nodes 

within high endothelial venules (HEV) or through the afferent lymphatic vessel. They exit 

the lymph nodes via the efferent lymphatic vessel [36]. T-cells that have been stimulated by 

APCs tend to migrate to peripheral tissues that express the antigenic epitope of interest [1, 

37]. Due to their organotropic properties, naïve T-cells can be potentially used as cell 

carriers to treat tumors residing within the lymph nodes. Also, naïve T-cells can be easily 

isolated in large quantities since they do not recognize any tumor specific antigens. Huang et 
al. demonstrated that T-cells could be loaded with lipid nanocapsules containing SN-38 

(active form of irinotecan) [38]. These lipid nanoparticles were functionalized with 

maleimides in order to bind to the free thiols present on the surface of the T- cells. Mice 

treated intravenously with T-cells loaded with SN-38 lipid nanocapsules (1mg/kg) 

experienced the greatest reduction in tumor burden compared to the free drug alone and the 

SN- 38 lipid nanoparticles after 16 days as seen in Figure 1b. The survival benefit of this 

therapy was also evaluated. Mice treated with T-cells loaded with SN-38 lipid nanocapsules 

experienced a median survival of 35 days, whereas mice treated with SN-38 (1 mg/kg and 

10 mg/kg) or SN-38 lipid nanocapsules (1 mg/kg) had a median survival of only 24 days as 

seen in Figure 1c [38]. This study suggests that the organotropism of T-cells can be used to 
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deliver therapeutic agents, such as SN-38, in order to increase efficacy and slow tumor 

growth.

4.2 Antigen-specific T-cells as carriers

In order to target other cancer types, adoptive T-cell therapy has been explored in which T-

cells are primed against a specific tumor antigen. These circulating, activated T-cells have 

surface receptors that are able to recognize and bind to the antigenic epitope expressed on 

tumor cells leading to tumor localization as seen in Figure 2a. Stephan et al. demonstrated 

that liposomal nanoparticles containing adjuvants, such as cytokines (IL-15 and IL-21), 

could be tethered to the surface of melanoma-specific Pmel-1 effector T-cells using a thiol 

reactive maleimide group to treat melanoma lung/bone marrow tumors [39]. The release of 

cytokines was able to stimulate donor T-cells. Irradiation followed by intravenous treatment 

of Pmel-1 effector T-cells loaded with IL-15 and IL-21 lipid nanoparticles promoted T cell 

expansion in vivo and was able to irradicate B16F10 melanoma tumors in mice as seen in 

Figure 2b. A subcutaneous model using B16F10 (flank tumor) was also evaluated. Mice 

intravenously injected with unmodified Pmel-1 T-cells experienced a median survival of 30 

days. Pmel-1 T-cells loaded with cytokine nanoparticles was able to significantly extend 

survival (100 days) as seen in Figure 2c [39]. Activated T-cells, whether they be tumor 

infiltrating T- cells or chimeric antigen receptor T-cells, have the potential to be cell carriers 

for nanoparticle payloads containing either adjuvants that stimulate the donor T-cells to 

eliminate tumor burden or potentially chemotherapeutics.

5. Macrophages and Neutrophils

During tumor development, monocytes are recruited to the tumor. This is caused by a 

chemoattractant gradient consisting of inflammatory cytokines, CSF1, CCL2, CXCL12, and 

VEGFA, that are secreted by the tumor [40]. Once monocytes have crossed the endothelial 

basement membrane, they differentiate into macrophages as seen in Figure 3a. After having 

reached the tumor, these cells are referred to as tumor-associated macrophages (TAMs). 

Since TAMs maintain their migratory ability after reaching the tumor, they can potentially 

be used for improving distribution of therapeutics throughout the tumor. Choi et al. 
demonstrated that both monocytes and macrophages could be loaded with gold nanoshells 

(silica core surrounded by a thin gold shell) for photothermal ablation after NIR exposure 

[41]. T47D tumor spheroids were treated with macrophages and gold-silica nanoshells for 3 

days and irradiated causing photothermal ablation of the macrophages and the surrounding 

tumor cells. In this study, however, macrophages were not loaded with gold-silica nanoshells 

beforehand but rather the two were added simultaneously and uptake by the macrophages 

was proposed to occur during the experiment. Further studies need to be completed in order 

to determine the amount of gold nanoparticles these cells can be loaded with while still 

maintaining viability and migration functionality. Also, the in vitro tumor spheroid 

experiment is not a representative example of the complex tumor environment and biological 

barriers and further studies in vivo need to be pursued. In another study, Choi et al. 
demonstrated that mouse peritoneal macrophages could be loaded with liposomes containing 

doxorubicin [42]. Macrophages loaded with liposomal doxorubicin (LP-Dox) were 

intravenously injected in an A549 subcutaneous xenograft mouse model as well as in an 
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A549 lung metastasis model. Doxorubicin was present in tumors after 24 hours in mice 

treated with macrophages loaded with liposomal doxorubicin, which suggests that the 

macrophages were able to migrate to both the subcutaneous tumor and the lung metastasis as 

seen in Figure 3b. In the subcutaneous model, mice that were administered the macrophages 

loaded with LP-Dox experienced a modest reduction in tumor growth rate as seen in Figure 

3c. Neutrophils are another class of phagocytic cells that have been used as nanoparticle 

transporters. Neutrophils are the most abundant white blood cells in humans and are among 

the earliest immune cells to migrate towards sites of inflammation. They are also shorter 

lived than macrophages. For nanoparticle transport by neutrophils, one reported approach is 

intravenous injection of denatured bovine serum albumin nanoparticles that are specifically 

taken up by neutrophils. This technique was used to deliver an anti-inflammatory drug in a 

mouse model of lung inflammation resulting in a reduction in inflammation [43]. In another 

report, researchers loaded neutrophils ex vivo with paclitaxel encapsulated in liposomes. 

These cells were injected into mice who had received surgery for a brain tumor and this 

resulted in an increase in drug delivery to the brain and increased survival relative to 

treatment with just paclitaxel in liposomes [44]. These studies show the potential of 

macrophages and neutrophils as tumor tropic cell carriers, however, further loading and 

efficacy studies still need to be explored. In particular, a control that is frequently absent 

from cell/NP studies is a comparison with coadministering cells and NPs separately.

6. Mesenchymal Stem Cells

Mesenchymal Stem Cells (MSCs) have the ability to migrate to sites containing tumors and 

mass inflammation. MSCs can be harvested from the bone marrow or umbilical cord blood. 

They have the ability to differentiate into osteoblasts, chondrocytes, myocytes, or adipocytes 

[45]. Migration of MSCs is regulated by chemokines, cytokines, and angiogenesis factors 

released by tumor cells, such as MCP-1, CCL5, TGFβ1, FGF-2, and VEGF as seen in 

Figure 4a [46]. In a study done by Li et al., doxorubicin was encapsulated in silica 

nanoparticles that contain a secondary silica sphere in a central hollow cavity (called silica 

nanorattle-doxorubicin (SN-Dox)) and were loaded onto MSCs. These nanorattles were 

functionalized with a monoclonal antibody for CD73 and CD90, which are membrane 

proteins expressed by MSCs, allowing them to be anchored onto the cell surface of MSCs. 

However, the loading of nanorattles onto MSCs reduced the ability of these cells by ~40% to 

migrate towards tumor conditioned media in vitro. Subcutaneous U251 xenograft models 

were intratumorally injected with MSCs loaded with SN-Dox. Imaging suggested that mice 

treated with MSCs loaded with SN-Dox experienced a high accumulation and distribution of 

doxorubicin in the tumor tissue compared to the free doxorubicin seven day post-

intratumoral injection as seen in Figure 4b [47]. Efficacy studies were not done. In another 

study, Sadhukha et al. demonstrated that MSCs loaded with Paclitaxel PLGA nanoparticles 

could selectively accumulate in lung tumors (A549 lung adenocarcinoma cells) three hours 

post-intravenous injection [48]. These studies demonstrate the that MSCs are indeed tumor 

tropic and have potential to be used to deliver nanoformulations of chemotherapeutics, 

however, long term survival and efficacy need to be addressed. MSCs have also been used as 

targeted delivery vehicles for viruses, though this lies beyond the scope of this review.[49–

52]
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7. Neural Stem Cells

Neural stem cells (NSCs) were the first adult stem cells to be used as cell carriers for 

therapeutic payloads. These cells are self-renewing and are able to differentiate into neurons, 

astrocytes, or oligodendrocytes. These cells can be harvested from fetal, neonatal, or 

postnatal tissues. Similar to MSCs, NSCs can migrate to hypoxic tumor and inflammatory 

sites secreting chemoattractants (MCP-1/annexin A2) and pro-angiogenic growth factors 

(HGF/VEGF) as seen in Figure 5a [53]. Since NSCs are able to home to tumor sites via 

multiple mechanisms, this allows for dynamic targeting. Aboody et al. demonstrated that 

NSCs injected intracranially and contralateral to the glioblastoma were able to migrate 

towards the tumor [54]. NSCs transporting polystyrene nanoparticles maintain their tumor 

tropism in the brain, even when the nanoparticles are relatively large (~800 nm) and 

conjugated to the surface of the NSCs as seen in Figure 5b [55]. In a study conducted by 

Cheng et al., NSCs loaded with mesoporous silica nanoparticles containing doxorubicin 

(MSN-Dox) were able to be detected in intracranial brain tumors 4 hours after contralateral 

injection in a U87 glioma model though much of the injected dose remained at the initial 

injection site. Survival was slightly prolonged in mice treated with NSCs loaded with MSN-

Dox (both intratumoral and contralateral) compared to mice administered only MSN-Dox 

[56]. Another study by Mooney et al. demonstrated that pH-responsive (poly(ethylene 

glycol)- poly((diisopropylamino)ethyl methacrylate) (PEG-PDPAEMA) nanoparticles 

containing docetaxel could be functionalized onto the surface of NSCs using biotin/avidin 

conjugation chemistry. Intratumoral injection of NSCs loaded with the docetaxel pH-

responsive nanoparticles demonstrated activity for the drug but no efficacy study was 

performed [57]. Recently, Cao et al. demonstrated tumor tropism through intraperitoneal 

injection of NSCs with either surface conjugated or internalized silica nanoparticles into a 

metastatic ovarian cancer model. With these two methods, nanoparticles were present only 

in the tumor and absent in the adjacent organ as seen in Figure 5c. Cao et al. also 

demonstrated that cisplatin encapsulated silica nanoparticles (SiNP[Pt]) loaded onto NSCs 

resulted in selective delivery of the platinum drug to ovarian tumors as seen in Figure 5d 

[58]. Other therapeutics applications that have been explored include loading NSCs with 

gold nanorods (AuNRs) for photothermal ablation therapy [59, 60]. NSCs loaded with 

AuNRs were intratumorally injected into the flank tumor (subcutaneous MDA-MB-231 

xenograft model). While free AuNRs injected intratumorally remained primarily localized at 

the site of injection, AuNRs loaded in NSCs were distributed throughout the tumor as seen 

in Figure 5e. This resulted in improved photothermal ablation after NIR exposure and 

overall survival compared to the free AuNR treatment as seen in Figure 5f [60]. Another 

unique therapy is loading NSCs with magnetic spinning discs (SDs). When a magnetic field 

is applied to the NSCs loaded with SDs, this causes mechanically induced apoptosis, causing 

the SDs to be released. The released SDs are able to be internalized by neighboring glioma 

cells and another treatment using the magnetic field can be applied again, causing membrane 

disruption and apoptosis [61]. From these various examples provided, NSCs can be loaded 

with a variety of different payloads, such as chemotherapeutic nanoformulations, gold 

nanorods, or magnetic spinning disks, to achieve targeted antitumor effects.
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8. Conclusions

Nanoparticles are powerful tools for encapsulating drugs and controlling their release. 

However, nanoparticles alone have shown only modest ability to target tumors when 

administered systemically. New drug delivery systems are needed in order to overcome 

biological barriers that inhibit nanoparticle accumulation in tumors. Evidence is extensive 

that T-cells, macrophages, neutrophils, MSCs, and NSCs have intrinsic homing capabilities 

either to specific organs affected by tumor metastasis (lymph nodes) or to the tumor itself. 

These cell carriers are able to selectively deliver a range of therapeutic nanoparticles to 

tumors and could potentially be used as a new form of therapy. Currently, NSCs are the only 

cell carriers in clinical trials [62].

Probably the greatest challenge facing the cell/nanoparticle conjugate field is achieving 

delivery of sufficient dose. For any cell type, there is a realistic maximum for how many 

cells will arrive at the tumor, and each cell can only carry so many nanoparticles without 

compromising the cell. Furthermore, encapsulation of drug in a controlled-release 

nanoparticle means that each nanoparticle contains a significant amount of inert material. 

Thus, relative to dosing with free drug which can be given in large amount by IV, cell/

nanoparticle conjugates are always going to be at a disadvantage for total dose. Indeed, the 

most advanced cell/nanoparticle conjugates that are being commercialized, are the autocrine 

T-cell systems where a low dose is acceptable because the payload acts on the carrier cell 

and only a small amount of cytokine can lead to a large effect [63–65].

For cell/nanoparticle conjugates to have a clinical effect in paracrine applications where the 

payload affects other target cells like cancer cells, remarkable targeting efficiency will be 

required and/or extremely potent payloads. A similar situation occurred for antibody-drug 

conjugates, where benefit is seen only when extremely toxic drugs are delivered [66, 67]. 

Indeed, for antibody-drug conjugates, which are now having a significant clinical impact, 

careful optimization of each parameter was required. As cell/nanoparticle conjugates move 

into the next phase, similar careful studies to optimize cell, nanoparticle and drug payload 

for each application will be essential.
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Figure 1. 
Naïve T-cells can be used as cell carriers due to their organotropism. a) Naïve T-cells 

circulate throughout the body and are able to home to lymph nodes. b) Bioluminescence 

imaging of mice treated after 16 days. Naïve T-cells loaded with SN-38 lipid nanocapsules 

reduced tumor burden. c) Overall survival of mice treated with PBS, SN-38, SN-38 NC, and 

SN-38 NC conjugated to T-cells.
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Figure 2. 
Primed T-cells can be used as cell carriers due to their recognition of tumor antigens. a) T-

cells can be primed against antigens present in tumors and expanded ex-vivo. These mature 

T-cells are able to home to tumor sites and bind to tumor antigens. b) Bioluminescence 

imaging of mice with B16F10 melanoma over a period of 16 days. c) Overall survival of 

mice treated with PBS, Pmel-1 T-cells, Pme1-1 Tcells with systemic injection of IL-15Sa 

and IL-21, and IL-15Sa and IL-21 nanoparticle conjugated to Pmel-1 T-cells.
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Figure 3. 
Macrophages can be used as cell carriers due to their migration to tumor sites caused by 

chemotaxis. a) Macrophages are able to home to the tumor site due to chemoattractant 

gradients consisting of cytokines and growth factors secreted by tumor cells. b) 
Fluorescence imaging of A549 lung tumors from mice treated with either PBS or 

macrophages-LP-Dox. c) Overall survival of mice treated with PBS, macrophages, Dox, LP-

Dox, and macrophage-LP-Dox.
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Figure 4. 
Mesenchymal Stem Cells can be used as cell carriers due to their migration to tumor sites 

caused by chemotaxis. a) Mesenchymal stem cells are able to home to tumor sites due to 

cytokines and growth factors secreted by tumor cells. b) Fluorescence imaging of tumor 

sections 7 days post intratumoral injection.
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Figure 5. 
Neural Stem Cells can be used as cell carriers due to their migration to tumor sites caused by 

chemotaxis. a) Neural Stem Cells are able to home to tumor sites due to cytokines and 

growth factors secreted by tumor cells. b) Free polystrene nanoparticles and NSCs loaded 

with polystyrene nanoparticles were injected intracranially near a brain tumor. Dramatically 

better tumor coverage was achieved with the NSC/NPs c) Fluorescent imaging of tumor and 

normal organ tissue of metastatic ovarian cancer model intraperitoneally injected with either 

NSCs, NSCs with surface conjugated polystyrene nanoparticles, and NSCs with internalized 

silica nanoparticles. In all cases, selective localization to tumor tissue is observed with no 
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signal in the normal tissue d) Mice bearing metastatic ovarian tumors in the IP cavity were 

intraperitoneally injected with free cisplatin, SiNP[Pt], or NSCs with internalized SiNP[Pt]). 

Accumulation of platinum was quantified by ICP-MS. e) Intratumoral Distribution of AuNR 

and NSCs loaded with AuNR. Tumor sections were imaged using dark field microscopy and 

3-D projections were generated mapping AuNRs. NSCs loaded with AuNRs resulted in a 

broader distribution of AuNRs. f) Overall survival of mice with treated with NIR laser that 

had received and intratumoral injection of either PBS, free AuNRs, or NSCs loaded with 

AuNRs. For the free AuNRs and NSCs loaded with AuNRs, only mice who had a response 

to treatment are included in this graph.
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