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1. Introduction 

Research of food and nutrition has been carried out for centuries, 

but modern nutritional science is considered to have begun with the 

first discovery of vitamins in early 1900s.[1] Since then, the individual 

functions of nutraceutical have been identified, and their effects on 

human health have been studied in various fields, such as cancer, 

dementia, obesity, lifestyle-related diseases, and life span. Since 

individual nutraceuticals have been synthesized chemically, they 

have been consumed not only through foods but also through 

supplements, and new physiological functions are still being 

discovered.[2,3] 

With the development of nanotechnology, remarkable advances 

in Nano medicine, a technology that applies nanostructures to the 

medical and food industries, has been emerging. Among the Nano 

medicine, drug delivery systems, in which various modifications 

(aptamers, antibodies, cationic molecules, drugs, fluorescent dyes, 

polyethylene glycols, proteins, surfactants, etc.) are applied to the 

surface of nanostructures to make the encapsulated drug accumulate 

at the target site and reduce side effects or improve bioavailability, 

have been investigated worldwide as effective therapeutic 

technologies.[4,5] Compounds used as payloads in drug delivery 

systems are not limited to drugs. Drugs have the disadvantages of 

high cost and difficulty in obtaining them, but approaches are being 

made using commercially available and cost effective nutraceutical. 

The use of nutraceutical (such as carotenoids, curcumin, ferulic acid, 

polyphenols, vitamin B, vitamin E, etc.) as payloads in drug delivery 

systems has been studied to try to demonstrate their functions for 

various health purposes (such as anticancer, antioxidant, prevention 

of cognitive decline, enhancement of absorption).[6-11] 

One of the topics that have begun to attract attention in recent 

years is "Nutrition-inspired nanomaterials," an approach to develop 

nano carriers with new functions by incorporating the physical, 

chemical, and biological properties of nutraceutical into materials, 

rather than using nutraceutical as payloads. Having the physical, 

chemical, and biological properties of the individual nutrients 

ensured in their matrix, nano carriers have potential to significantly 

modify the kinetics and cellular accumulation, as well as the  

originally physiological functions of the nutraceutical. Therefore, it 

might be potential to achieve therapeutic benefits that have been 

difficult to realize using the drug delivery system approach with a 

single drug as the payload. Because of the short history of this 

"Nutrition-inspired nanomaterials" research, there are not many 

reports on it, but there have been several reports on studies mainly 

using polyphenols and vitamins. This mini review summarizes recent 

reports on "Nutrition-inspired nanomaterials", characterizing the 

positioning of nutraceutical in the field of nano medicine and how 

nano medicine changes its behavior depending on moieties of 

nutraceutical, and discussing their prospects based on current 

evidence. The information provides a guideline for the development 

of new technologies in this research area. 
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2. Nanomaterials Containing Moiety of Polyphenol 

Polyphenols are a general term for compounds that have two or 

more phenolic hydroxy groups in their molecules (Fig. 1, 

Polyphenols). Naturally occurring polyphenols are found mainly in 

plants and are broadly divided into flavonoids and non-flavonoids, 

which are further classified into anthocyanin, catechins, curcumin, 

quercetin, resveratrol, tannins, etc. depending on their chemical 

structure.[12] Polyvinylpyrrolidone (PVP), a polymer based on the 

polymerization of N-vinyl-2-pyrrolidone, is one of the most widely 

used polymers as a material for polyphenol based nano carriers.[13-15] 

This is because the formation of hydrogen bonds between the lactam 

moieties in PVP and the phenolic hydroxy groups of polyphenols 

promotes self-assembly and can build supramolecular structures 

such as gels and nanoparticles. In 2019, He et al. reported differences 

in the bonding between curcumin and three different materials 

(cyclodextrin, surfactant (poloxamer), and PVP).[16] In that report, 

phenolic hydroxy groups of the curcumin molecule were found to 

create multi-point hydrogen bonds with PVP. Furthermore, they 

orally administered a mixture of each of these three materials and 

curcumin to rats and reported that it was the group with the mixture 

of PVP and curcumin that the highest amount of absorbed curcumin. 

Their result may be due to the coexistence of PVP and curcumin, 

reducing curcumin degradation in the digestive system. 

Phenolic hydroxy groups of polyphenols not only interact with 

macromolecules as described above, but also have the property of 

forming complexes with typical elements.[17,18] This property makes it  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

possible to construct supramolecular structures that ensure more 

precise external stimulus responsiveness. Ejima et al. reported that 

the coordination complexes of epigallocatechin gallate and iron (III) 

showed pH-dependent changes (pH < 2, mono complex; 3< pH < 6, 

bis complex; 7 < pH, tris complex).[19] Tumor microenvironment is 

more acidic than the healthy environment.[20] Therefore, pH-

dependent changes in polyphenol and typical element complexes are 

useful as a targeting strategy to cancer tissues. Reports of 

nanomaterials adapting this functionality include the following. Kim 

et al. prepared nanoparticles modified with tannic acid and iron (III) 

complexes on the surface of mesoporous silica.[21] When curcumin 

was encapsulated in these nanoparticles, the release of curcumin 

was inhibited at pH 7.4, while sustained curcumin release was 

observed below pH 6, which is considered tumor microenvironment. 

Chen et al. prepared nanoparticles modified with tannic acid and iron 

(III) complexes on the surface of curcumin.[22] These nanoparticles 

degraded during endocytosis of MCF-7 cells, elevating curcumin 

uptake and activating the apoptotic pathway. Furthermore, the study 

with the MCF-7 xenograft mouse model also confirmed that the 

tumor volume increase was suppressed. Another institute reported 

nanoparticles prepared by modifying the surface  of a CaO2 and PVP 

mixture with a complex of tannic acid and iron (III).[23] These 

nanoparticles generated hydrogen peroxide below pH 6 and was 

reported to inhibit tumor volume growth in a 4T1 xenograft mouse 

model. 

 
Fig. 1. Expected functions of moieties of nutraceuticals provided to nanomaterials, presented in this review. 
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The application of polyphenol and typical elements coordinating 

complexes in nano carriers has the potential to be used not only for 

the treatment of cancer but also other diseases. Yuan et al. prepared 

nanoparticles composed of PVP and iron (III)-curcumin complexes for 

the treatment of acute lung injury.[24] Results showed that both 

(pulmonary tissue and intravenous) routes of administration 

suppressed the inflammatory cytokine storms that generated in the 

mouse model of acute lung injury and showed almost no toxicity to 

the heart, liver, spleen, lungs, and kidneys. Among the research areas 

of "Nutrition-inspired nanomaterials," polyphenol-based 

nanomaterials have been the most studied among the various 

nutraceutical, with a relatively large number of research reports. 

 

3. Nanomaterials Containing Moiety of Vitamin B 

Vitamin B complex is a water soluble compound, rich in meat and 

dairy products, and is an important cofactor in enzymatic reactions in 

the body.[25] Among the vitamin B complex, folate is used as a 

targeting strategy for cancer tissues because folate receptors are 

overexpressed on the various cancer cells (Fig. 1, Vitamin B). It is 

known that the moiety of folic acid can be used as a complex with 

small molecule drugs or modifying the surface of nanoparticles to 

make them selective for cancer cells.[26,27] Alserihi et al. prepared 

nanoparticles of a blend of poly(D,L-lactide-co-glycolide)- 

poly(ethylene glycol) and poly(epsilon-caprolactone), modified to act 

as tumor targeting ligands with folic acid, in order to treat prostate 

cancer.[28] These nanoparticles incorporating epigallocatechin gallate 

were evaluated for their therapeutic effect on prostate cancer with 

3D culture using PC3 and 22Rv1 (prostate-specific membrane antigen 

[PSMA]+) cells. As a result, the prepared nanoparticles showed a 

significant decrease in spheroid size in PSMA+ cells. This finding 

suggests that the ability of epigallocatechin gallate to bind to PSMA 

was more effective when encapsulated in nanoparticles. 

Macrophages activated by inflammation is also known to express 

high levels of a cellular receptor called folate receptor.[29] Since folate 

receptors are not expressed on quiescent macrophages, the moiety 

of folic acid is selectively delivered to activated macrophages at the 

site of inflammation. Poh et al. prepared liposomes incorporating 

folate-conjugated poly ethylene glycol.[30] These radiolabeled 

liposomes showed bioimaging of inflammatory sites in 

atherosclerosis model mouse. Furthermore, encapsulation of 

betamethasone (used as an anti-inflammatory and 

immunosuppressive drug) in liposomes was found to be effective for 

the treatment of mouse model of ulcerative colitis. 

In preclinical studies, bioimaging probes targeting folate 

receptors have been investigated in tumor imaging.[31] For the 

treatment of epithelial ovarian cancer, vintafolide (EC145), which is a 

folate conjugate of desacetylvinblastine monohydrazide, has 

proceeded to Phase II clinical trials.[32] On the other hand, there are 

concerns that folic acid itself promotes the formation of cancer cells, 

and that nanoparticles modified with folate receptor tend to 

accumulate in the breast of normal mice.[33] Further clarification of 

the details of such phenomena will be necessary to clarify the 

usefulness of targeting strategies of nano carriers with moiety of 

folate to folate receptors. 

 

4. Nanomaterials Containing Moiety of Vitamin C 

Vitamin C (ascorbic acid) is a water soluble compound found in fruits, 

vegetables, and meat, and is known to exhibit various physiological 

effects such as anticancer activity, activation of amino acid 

metabolism, and collagen synthesis (Fig. 1, Vitamin C).[34] Numerous 

cancer cells exhibit the Warburg effect, which increases glucose 

uptake and aerobic glycolysis.[35] Therefore, glucose transporters are 

overexpressed on their cell surfaces. Dehydroascorbic acid, an 

oxidized form of ascorbic acid, has been shown to specifically enter 

into the cell via a glucose transporter, then reduced in the cytoplasm 

and accumulates intracellular as ascorbic acid, and the amount of its 

intracellular uptake rate is depends on the levels of glucose 

transporter expression.[36,37] Since glucose transporters are localized 

at the blood-brain barrier, targeting of nano carriers to these 

transporters for brain transport is also investigated. Shao et al. 

prepared nano micelles with dehydroascorbic acid moieties 

conjugated to their surfaces.[38] The mechanisms of these 

nanoparticles are that the moiety of dehydroascorbic acid on the 

nano micelle allows it to be taken up via glucose transporter into 

cancer cells, and the  intracellular glutathione reduces the moiety of 

dehydroascorbic acid to ascorbic acid, thereby achieving one way 

intracellular accumulation. Results of experiments using a U87 

glioma mouse model showed that these nano micelles had targeting 

ability to glioma and also exhibited therapeutic effects when 

encapsulated paclitaxel. Furthermore, their group also reported in a 

subsequent study that these nano micelles, encapsulated with 

itraconazole, achieved an inhibitory effect in a mouse model of 

infection of the Cryptococcus neoformans into the central nervous 

system.[39] On the other hand, with respect to these reports, Puris et 

al. mentioned the lack of pharmacokinetic data for paclitaxel 

encapsulated in nano micelles and the study of intracerebral 

administration of itraconazole was conducted at only two time points 

(one and four hours) after intravenous administration to mice.[40] 

They commented that it is necessary to clarify that the efficacy 

increases with the degree of drug delivery to the target tissues. 

 

5. Nanomaterials Containing Moiety of Vitamin E 

Tocopherol is a fat-soluble compound found in nuts and vegetable 

oils, etc. and although there are many isomers, but only one type, α-

tocopherol, is defined as vitamin E.[41] α-tocopherol is localized in cell 

membranes and is known to have various physiological effects, such 

as the cytoprotective properties against oxidative stress.[42] The 

hydrophobic nature of α-tocopherol have been applied to nano scale 

self-assembly and cell fusion properties (Figure 1, Vitamin E). Hamdi 

et al. prepared lipid-polymer hybrid nanoparticles coated with α-

tocopherol on their surfaces.[43] These nanoparticles showed that the 

presence of moiety of α-tocopherol on the surface increased the 

hydrophobicity of the particles and dramatically increased their 

uptake by J774 cells. Muripiti et al. synthesized a conjugate of α-

tocopherol and ascorbic acid.[44] These conjugates are amphiphilic 

molecules with hydrophobic α-tocopherol moieties and hydrophilic 

ascorbic acid moieties, so they form lipoplexes by self-assembling in 

water with DNA. They confirmed the efficiency of transfection of 

HepG2 cells with these lipoplexes, and found that the efficiency was 
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2.5 times higher than that of lipofectamine (commonly available 

transfection reagent). Furthermore, this nano carrier has moieties of 

α-tocopherol and ascorbic acid that also provide antioxidant activity, 

thus is expected to be used as a nano carrier with antioxidant 

activity. Their group later also synthesized a conjugate of α-

tocopherol and arginine.[45] These lipoplexes formed by their 

amphiphilic molecules are expected to be an effective potential 

candidate for glioblastoma gene therapy because it is low toxicity to 

cells while stably retaining pDNA. Moreover, it showed high transit 

efficacy in an ex vivo model of the blood-brain barrier. 

 

6. Conclusions 

Throughout this review, it is clear that "Nutrition-inspired 

nanomaterials" are becoming a highly innovative approach to 

increasing the efficacy of nutrients and drugs and reducing their 

toxicity to healthy living cells. However, the findings of a survey of 

the literature have led to the development of new approaches that 

utilize the functions of nutraceutical, but there are still few research 

reports on this topic. In addition, the mechanistic implications of 

their targeting in vitro and in vivo remain unclear, and are found to 

be a significant limitation to the development of new technologies. 

More comprehensive pharmacokinetic studies on "Nutrition-inspired 

nanomaterials" would be necessary. Progress in this research area is 

expected to be further advanced in the near future. 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

 

References 

1 Miyazawa T.; Hiratsuka Y.; Toda M.; Hatakeyama N.; Ozawa H.; Abe 
C.; Cheng T.Y.; Matsushima Y.; Miyawaki Y.; Ashida K.; Iimura J. 

Artificial Intelligence in Food Science and Nutrition: A Narrative 
Review. Nutr. Rev., 2022. [CrossRef] 

2 Zhang F.F.; Barr S.I.; McNulty H.; Li D.; Blumberg J.B. Health Effects of 

Vitamin and Mineral Supplements. BMJ, 2020, 369. [CrossRef] 
3 Miyazawa T. Lipid Hydroperoxides in Nutrition, Health, and Diseases. 

Proc. Jan. Acad., Ser. B, 2021, 97, 161-196. [CrossRef] 

4 Miyazawa T.; Itaya M.; Burdeos G.C.; Nakagawa K.; Miyazawa T. A 
Critical Review of the use of Surfactant-Coated Nanoparticles in 
Nanomedicine and Food Nanotechnology. Int. J. Nanomed., 2021, 16, 

3937. [CrossRef] 
5 Mitchell M.J.; Billingsley M.M.; Haley R.M.; Wechsler M.E.; Peppas 

N.A.; Langer R. Engineering Precision Nanoparticles for Drug Delivery. 

Nat. Rev. Drug Discov., 2021, 20, 101-124. [CrossRef] 
6 Miyazawa T.; Nakagawa K.; Harigae T.; Onuma R.; Kimura F.; Fujii T.; 

Miyazawa T. Distribution of β-Carotene-Encapsulated Polysorbate 80-

Coated Poly (D, L-Lactide-Co-Glycolide) Nanoparticles in Rodent 
Tissues Following Intravenous Administration. Int. J. Nanomed., 2015, 
10, 7223. [CrossRef] 

7 Harigae T.; Nakagawa K.; Miyazawa T.; Inoue N.; Kimura F.; Ikeda I.; 
Miyazawa T. Metabolic Fate of Poly-(Lactic-Co-Glycolic Acid)-Based 
Curcumin Nanoparticles Following Oral Administration. Int. J. 

Nanomed., 2016, 11, 3009. [CrossRef] 
8 Zhang L.; Chen W.; Tu G.; Chen X.; Lu Y.; Wu L.; Zheng D. Enhanced 

Chemotherapeutic Efficacy of PLGA-Encapsulated Epigallocatechin 

Gallate (EGCG) against Human Lung Cancer. Int. J. Nanomed., 2020, 
15, 4417. [CrossRef] 

9 Romeo A.; Musumeci T.; Carbone C.; Bonaccorso A.; Corvo S.; Lupo G.; 
Anfuso C.D.; Puglisi G.; Pignatello R. Ferulic Acid-Loaded Polymeric 

Nanoparticles for Potential Ocular Delivery. Pharmaceutics, 2021, 13, 
687. [CrossRef] 

10 Varga N.; Turcsanyi A.; Hornok V.; Csapo E. Vitamin E-Loaded PLA-and 

PLGA-Based Core-Shell Nanoparticles: Synthesis, Structure 
Optimization and Controlled Drug Release. Pharmaceutics, 2019, 11, 
357. [CrossRef] 

11 Juhasz A., Ungor D.; Varkonyi E.Z.; Varga N.; Csapo E. The ph-
Dependent Controlled Release of Encapsulated Vvitamin b1 from 
Liposomal Nanocarrier. Int. J. Mol. Sci., 2021, 22, 9851. [CrossRef] 

12 Singla R.K.; Dubey A.K.; Garg A.; Sharma R.K.; Fiorino M.; Ameen S.M.; 
Haddad M.A.; Al-Hiary M. Natural Polyphenols: Chemical 
Classification, Definition of Classes, Subcategories, and Structures. J. 

AOAC Int., 2019, 102, 1397-1400. [CrossRef] 
13 Zheng L.Y.; Shi J.M.; Chi Y.H. Tannic acid Physically Cross‐Linked 

Responsive Hydrogel. Macromol. Chem. Phys., 2018, 219, 1800234. 

[CrossRef] 
14 Tang F.; Wang D.; Zhou C.; Zeng X.; Du J.; Chen L.; Zhou W.; Lu Z.; Tan 

L.; Dong L. Natural Polyphenol Chemistry Inspired Organic-Inorganic 

Composite Coating Decorated PVDF Membrane for Oil-in-Water 
Emulsions Separation. Mater. Res. Bull., 2020, 132, 110995. [CrossRef] 

15 Chen C.; Yang H.; Yang X.; Ma Q. Tannic acid: A Crosslinker Leading to 

Versatile Functional Polymeric Networks: A Review. RSC Adv., 2022, 
12, 7689-7711. [CrossRef] 

16 He Y.; Liu H.; Bian W.; Liu Y.; Liu X.; Ma S.; Zheng X.; Du Z.; Zhang K.; 

Ouyang D. Molecular Interactions for the Curcumin-Polymer Complex 
with Enhanced Anti-Inflammatory Effects. Pharmaceutics, 2019, 11, 
442. [CrossRef] 

17 Pallikkavil R.; Ummathur M.B.; Sreedharan S.; Krishnankutty K. 
Synthesis, Characterization and Antimicrobial Studies of Cd (II), Hg (II), 
Pb (II), Sn (II) and Ca (II) Complexes of Curcumin. Main Group Met. 

Chem., 2013, 36, 123-127. [CrossRef] 
18 Zhou J.; Lin Z.; Ju Y.; Rahim M.A.; Richardson J.J.; Caruso F. 

Polyphenol-Mediated Assembly for Particle Engineering. Acc. Chem. 

Res., 2020, 53, 1269-1278. [CrossRef] 
19 Ejima H.; Richardson J.J.; Liang K.; Best J.P.; van Koeverden M.P.; Such 

G.K.; Cui J.; Caruso F. One-Step Assembly of Coordination Complexes 

for Versatile Film and Particle Engineering. Science, 2013, 341, 154-
157. [CrossRef] 

20 Thakkar S.; Sharma D.; Kalia K.; Tekade R.K. Tumor Microenvironment 

Targeted Nanotherapeutics for Cancer Therapy and Diagnosis: A 
Review. Acta Biomater., 2020, 101, 43-68. [CrossRef] 

21 Kim S.; Philippot S.; Fontanay S.; Duval R.E.; Lamouroux E.; Canilho N.; 

Pasc A. pH-and Glutathione-Responsive Release of Curcumin from 
Mesoporous Silica Nanoparticles Coated using Tannic Acid–Fe (iii) 
Complex. RSC Adv., 2015, 5, 90550-90558. [CrossRef] 

22 Chen Y.; Jia D.; Wang Q.; Sun Y.; Rao Z.; Lei X. Zhao J.; Zeng K.; Xu Z.; 
Ming J. Promotion of the Anticancer Activity of Curcumin Based on a 
Metal–Polyphenol Networks Delivery System. Int. J. Pharm., 2021, 

602, 120650. [CrossRef] 
23 Chen F.; Yang B.; Xu L.; Yang J.; Li J. A CaO2@ Tannic Acid‐FeIII 

Nanoconjugate for Enhanced Chemodynamic Tumor Therapy. 

ChemMedChem., 2021, 16, 2278-2286. [CrossRef] 
24 Yuan R.; Li Y.; Han S.; Chen X.; Chen J.; He J.; Gao H.; Yang Y.; Yang S.; 

Yang Y. Fe-Curcumin Nanozyme-Mediated Reactive Oxygen Species 

Scavenging and Anti-Inflammation for Acute Lung Injury. ACS Cent. 
Sci., 2021, 8, 10-21. [CrossRef] 

25 Sarwar M.F.; Sarwar M.H.; Sarwar M. Deficiency of Vitamin B-Complex 

and Its Relation with Body Disorders. In B-Complex Vitamins-Sources, 
Intakes and Novel Applications. IntechOpen. 2021. [Link] 

26 Nawaz F.Z.; Kipreos E.T. Emerging Roles for Folate Receptor FOLR1 in 

Signaling and Cancer. Trends Endocrinol. Metab., 2022, 33, 159-174. 
[CrossRef] 

27 Fernández, M., Javaid, F. and Chudasama, V., Advances in Targeting 

the Folate Receptor in the Treatment/Imaging of Cancers. Chem. Sci., 
2018, 9, 790-810. [CrossRef] 

28 Alserihi R.F.; Mohammed M.R.S.; Kaleem M.; Khan M.I.; Sechi M.; 

Sanna V.; Zughaibi T.A.; Abuzenadah A.M.; Tabrez S. Development of 
 
 

https://doi.org/10.1093/nutrit/nuac033
https://doi.org/10.1136/bmj.m2511
https://doi.org/10.2183/pjab.97.010
https://doi.org/10.2147%2FIJN.S298606
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.2147%2FIJN.S94336
https://doi.org/10.2147%2FIJN.S107442
https://doi.org/10.2147%2FIJN.S243657
https://doi.org/10.3390/pharmaceutics13050687
https://doi.org/10.3390/pharmaceutics11070357
https://doi.org/10.3390/ijms22189851
https://doi.org/10.1093/jaoac/102.5.1397
https://doi.org/10.1002/macp.201800234
https://doi.org/10.1016/j.materresbull.2020.110995
https://doi.org/10.1039/D1RA07657D
https://doi.org/10.3390/pharmaceutics11090442
https://doi.org/10.1515/mgmc-2013-0023
https://doi.org/10.1021/acs.accounts.0c00150
https://doi.org/10.1126/science.1237265
https://doi.org/10.1016/j.actbio.2019.09.009
https://doi.org/10.1039/C5RA16004A
https://doi.org/10.1016/j.ijpharm.2021.120650
https://doi.org/10.1002/cmdc.202100108
https://doi.org/10.1021/acscentsci.1c00866
https://books.google.co.in/books?hl=en&lr=&id=Nl5iEAAAQBAJ&oi=fnd&pg=PA79&dq=Deficiency+of+vitamin+B-complex+and+its+relation+with+body+disorders.+In+B-complex+vitamins:+sources,+intakes+and+novel+applications&ots=hUJ7zN9X1x&sig=oDembGiaJyY8aJcbjpWtJsoO6RU&redir_esc=y#v=onepage&q=Deficiency%20of%20vitamin%20B-complex%20and%20its%20relation%20with%20body%20disorders.%20In%20B-complex%20vitamins%3A%20sources%2C%20intakes%20and%20novel%20applications&f=false
https://doi.org/10.1016/j.tem.2021.12.003
https://doi.org/10.1039/C7SC04004K


 

 
5 

Miyazawa T. et al.,  Nano Progress 

        Nano Prog., (2022) 4(8), 1-5. 

 

(−)-Epigallocatechin-3-Gallate-Loaded Folate Receptor-Targeted 
Nanoparticles for Prostate Cancer Treatment. Nanotechnol. Rev., 

2022, 11, 298-311. [CrossRef] 
29 Xia W.; Hilgenbrink A.R.; Matteson E.L.; Lockwood M.B.; Cheng J.X.; 

Low P.S. A Functional Folate Receptor is induced during Macrophage 

Activation and can be used to Target Drugs to Activated 
Macrophages. Blood, J. Am. Soc. Hematol., 2009, 113, 438-446. 
[CrossRef] 

30 Poh S.; Chelvam V.; Ayala-Lopez W.; Putt K.S.; Low P.S. Selective 
Liposome Targeting of Folate Receptor Positive Immune Cells in 
Inflammatory Diseases. Nanomed.: Nanotechnol, Biol. Med., 2018, 14, 

1033-1043. [CrossRef] 
31 Shakeri-Zadeh A.; Rezaeyan A.; Sarikhani A.; Ghaffari H.; Samadian H. 

Khademi S.; Ghaznavi H.; Bulte J.W. Folate Receptor-Targeted 

Nanoprobes for Molecular Imaging of Cancer: Friend or Foe?. Nano 
Today, 2021, 39, 101173. [CrossRef] 

32 Birrer M.J.; Betella I.; Martin L.P.; Moore K.N. Is Targeting the Folate 

Receptor in Ovarian Cancer Coming of Age? Oncologist, 2019, 24, 425-
429. [CrossRef] 

33 Helmy L.A.; Abdel-Halim M.; Hassan R.; Sebak A.; Farghali H.A.; 

Mansour S.; Tammam S.N. The Other Side to the use of Active 
Targeting Ligands; The Case of Folic Acid in the Targeting of Breast 
Cancer. Colloids Surf. B: Biointerfaces, 2022, 211, 112289. [CrossRef] 

34 Devaki S.J.; Raveendran R.L. Vitamin C: Sources, Functions, Sensing 
and Analysis. In Vitamin C. IntechOpen. 2017. [Link] 

35 Adekola K.; Rosen S.T.; Shanmugam M. Glucose Transporters in 

Cancer Metabolism. Curr. Opin. Oncol., 2012, 24, 650. [CrossRef] 
36 Abe C.; Higuchi O.; Matsumoto A.; Miyazawa T. Determination of 

Intracellular Ascorbic Acid using Tandem Mass Spectrometry. Analyst. 

2022. [CrossRef] 
37 Miyazawa T.; Matsumoto A.; Miyahara Y. Determination of Cellular 

Vitamin C Dynamics by HPLC-DAD. Analyst, 2019, 144, 3483-3487. 

[CrossRef] 
38 Shao K.; Ding N.; Huang S.; Ren S.; Zhang Y.; Kuang Y.; Guo Y.; Ma H.; 

An S.; Li Y.; Jiang C. Smart Nanodevice Combined Tumor-Specific 

Vector with Cellular Microenvironment-Triggered Property for Highly 
Effective Antiglioma Ttherapy. ACS Nano, 2014, 8, 1191-1203. 
[CrossRef] 

39 Shao K.; Zhang Y.; Ding N.; Huang S.; Wu J.; Li J.; Yang C.; Leng Q.; Ye 
L.; Lou J.; Zhu L. Functionalized Nanoscale Micelles with Brain 
Targeting Ability and Intercellular Microenvironment Biosensitivity for 

Anti‐Intracranial Infection Applications. Adv. Healthc. Mater., 2015, 4, 
291-300. [CrossRef] 

40 Puris E.; Fricker G.; Gynther M. Targeting Transporters for Drug 

Delivery to the Brain: Can We Do Better? Pharm. Res., 2022, 1-41. 
[CrossRef] 

41 Azzi A. Many Tocopherols, One Vitamin E. Mol. Aspects Med., 2018, 

61, 92-103. [CrossRef] 
42 Miyazawa T.; Burdeos G.C.; Itaya M.; Nakagawa K.; Miyazawa T. 

Vitamin E: Regulatory Redox Interactions. IUBMB Life, 2019, 71, 430-

441. [CrossRef] 
43 Hamdi M.; Abdel-Bar H.M.; Elmowafy E.; Al-Jamal K.T.; Awad G.A. An 

Integrated Vitamin E-Coated Polymer Hybrid Nanoplatform: A 

Lucrative Option for an Enhanced in Vitro Macrophage Retention for 
an Anti-Hepatitis B Therapeutic Prospect. PloS one, 2020, 15, 
0227231. [CrossRef] 

44 Muripiti V.; Brijesh L.; Rachamalla H.K.; Marepally S.K.; Banerjee R.; 
Patri S.V. α-Tocopherol-Ascorbic Acid Hybrid Antioxidant Based 
Cationic Amphiphile for Gene Delivery: Design, Synthesis and 

Transfection. Bioorg. Chem., 2019, 82, 178-191. [CrossRef] 
45 Ravula V.; Lo Y.L.; Wu Y.T.; Chang C.W.; Patri S.V.; Wang L.F. Arginine-

Tocopherol Bioconjugated Lipid Vesicles for Selective pTRAIL Delivery 

and Subsequent Apoptosis Induction in Glioblastoma Cells. Mater. Sci. 
Eng.: C, 2021, 126, 112189. [CrossRef] 
 

 

 

© 2022, by the authors. Licensee Ariviyal Publishing, India. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

 

https://doi.org/10.1515/ntrev-2022-0013
https://doi.org/10.1182/blood-2008-04-150789
https://doi.org/10.1016/j.nano.2018.01.009
https://doi.org/10.1016/j.nantod.2021.101173
https://doi.org/10.1634/theoncologist.2018-0459
https://doi.org/10.1016/j.colsurfb.2021.112289
https://www.intechopen.com/chapters/56440
https://doi.org/10.1097%2FCCO.0b013e328356da72
https://doi.org/10.1039/D1AN02160E
https://doi.org/10.1039/C8AN02240B
https://doi.org/10.1021/nn406285x
https://doi.org/10.1002/adhm.201400214
https://doi.org/10.1007/s11095-022-03241-x
https://doi.org/10.1016/j.mam.2017.06.004
https://doi.org/10.1002/iub.2008
https://doi.org/10.1371/journal.pone.0227231
https://doi.org/10.1016/j.bioorg.2018.02.025
https://doi.org/10.1016/j.msec.2021.112189
http://creativecommons.org/licenses/by/4.0/

