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Abstract: Dendrimers are made up of synthetic and nano-sized molecules which represent a tree-like three-dimensional
(3D) structure that delivers surface versatility and functionality. This review revealed that the surface modified agents
like acetylation, polyphenols, and conjugation might be a promising nano-platform for more targeted site diagnosis,
unique structural activity and higher bioavailability compatibility. Polyamidoamine (PAMAM) dendrimers are
multipurpose nanocarriers, which can easily load with drugs and be amended by target-specific ligands, which are
very specific to the receptor. PAMAM dendrimers are best suited for the release of hydrophobic drugs, as they can be
encapsulated inside the internal void of PAMAM dendrimers. Moreover, current trends and future strategies, surface
modification of dimensional globular nano-polymeric that are best for drug delivery are described with their potential
applications in the biomedical sector. The aim of the present review article is to study the different methods of synthesis
of dendrimers, how they can be modified with different methods as per the requirement, types of dendrimers and their
use in different sectors.

Keywords: dendrimers-based systems, drugs, synthesis, surface modifications or agents, functional agents, potential
applications

1. Introduction

Dendrimers are synthetic macromolecules that have a tree-like appearance. They’re known for their hyperbranched
polymers, which can be surface tailored to a variety of chemical species and have a variety of therapeutic effects,
including biomolecules, imaging agents, identification agents, medicinal agents, and bioanalytical applications. The term
“Dendrimers” term came from two Greek words: “Dendron” (tree) and “Meros” (part). The arrangement of a dendrimer
is made up of three fundamental components [1-3].

The structure of the dendrimer can be managed correctly, as dendrimer chains are grown sequentially by
acquainting branch structures several times. Dendrimers are extraordinarily appealing nanomaterials for use in a variety
of areas, including biomedical fields, due to their molecular consistency and ease in modification of their structure
and properties [4, 5]. The transparent nanocomposite was developed from polyethylene glycol (PEG) and silicate
nanoparticles with interconnected pores, high elongation and toughness. Besides its dental use, it was also beneficial as
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an elastic tissue matrix for orthopaedic and craniofacial applications. An elastomeric nanocomposite has been prepared
from PEG and hydroxyapatite nanoparticles. Due to improvised mechanical properties, it was used in drug delivery
as well as in the orthopaedic field. Carbon nano tube-gelatin methacrylate hybrids were synthesized and used in tissue
engineering applications [6-8].

Synthesis of dendrimers takes place in either convergent or divergent methods to provide a spectacular shape
(spherical) at nano size range with predictable characters. The divergent method involves the addition of monomers in
repeated sequences and started from multivalent core to surface molecules with continuous enhancement in the number
of branching. The molecular size and number of surface groups gradually increase with the addition of successive
layers of monomers (generations) (Figure 1). While the convergent method involves the synthesis of dendrimers from
the surface to the core and leads to the formation of wedge-shaped units or dendrons, these are joined to a multivalent
core at the last step. This method has a lower risk of defect in the final structure rather than the divergent method, which
often involves the appearance of incomplete branching. It is easy to modify the dendrimers by adding or modifying the
functional groups. There are different techniques, which can be used to modify them like glycosylation, pegylation,
conjugation, acetylation, polyphenols, etc. Many dendrimers are modified with these methods and details of these are
given in Table 1-4 [9].
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Acetylated PAMAM G=0

Figure 1. Scheme for the acetylation of polyamidoamine (PAMAM) dendrimer
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Table 1. Dendrimers based on different surface modifications

Technique dpg}r/g;isn?; Linker Application Reference
Acetylation PAMAM G5 Small interfering ribonucleic acid (siRNA) To prevent the U87 malignant glioma cells [10]
PAMAM G5 Gold nanoparticles (Au NPs) Neutralize the positive surface charge of the (1]
particles
Human colon adenocarcinoma cellular
PAMAM G3 Fluorescein isothiocyanate (FITC) internalization. HT-29 cell line is a kind of cancer [12]
cell
PAMAM Through the absence of organic solvents, a
: 1-Ethyl-3-(3-dimethylaminopropyl) significant amount of acetylation can be achieved [13]
dendrimers - - -
in a shorter period of time
dgﬁ(?fi?ngs Au NPs Engineering self-assembly of such nanoparticles [14]
PAMAM G5 Dendrlmer—enéfgg;]);%ﬁgg nanoparticles Computed tomography (CT) imaging applications [15]
PAMAM G5 Moieties FITC and folic acid (FA) Imaging agents and therapeutics [16]
. : Doxorubicin (DOX) and monoclonal s .
Conjugation PAMAM G4 antibody-trastuzumab Efficient in the drug delivery for tumors [17]
Promising nanodevice for targeted cancer
PAMAM G5 FA-DOX chemotherapy [18]
PAMAM G5 FITC + FA Specific delivery of chemotherapeutic [19]
PAMAM G4 Drug-trastuzumab A cancer cell enables targeted delivery [20]
PAMAM G4 PAMAM-DOX-glucose Breast cancer cells [21]
FA conjugated to PEG-modified
PAMAM G3.5 dendrimers / PAMAM with DOX and The relationship between magnetic resonance [22]
) superparamagnetic iron oxide (Fe;O,) (FA-  imaging (MRI) comparison and cancer treatment
PEG-PAMAM-DOX@IONPs)
PAMAM G6 Pentide- and saccharide Capturing and restraining colorectal circulating [23]
p tumor cells (CTCs) in blood
Nucleic acids (deoxyribonucleic acid
PAMAM G1-G4 (DNA), siRNA, and micro-ribonucleic acid Co-delivery systems are mainly for cancer therapy [24]
(miRNA))
PEG- PAMAM  Mercaptohexadecanoic acid-functionalized Cancer thera [25]
G4 gold nanorod (GNR) Py
PAMAM G3 FITC Normal fibroblasts and squamous carcinoma [26]
l;?ﬁ;&t&l Camptothecin Nucleolin-overexpressed colorectal cancer [27]
PAMAM G5 Arginine and ornithine Antigen/drug delivery [28]
PAMAM G4 Methotrexate (MTX) Better cell killing efficiency than MTX [29]
Glycosylation ~PAMAM G1-G5 Glycan epitopes (Glu, Man, Gal and Lac)  Products show soluble and cellular lectin receptors [30]
. : : Efficient in the treat t of infl t d
PAMAM G3.5 64 peripheral carboxylic acid groups cientin ;arleizrfgﬁ? d?se;r;e:mma ory an [31]
PAMAM MTX and d-glucose Breast cancer [32]
PAMAM Glycosylated siloxane-poly(amidoamine) Highly sensm\;e fivorescent probes for a varied [33]
emperature range
. Change in flexibility and polarity with varied
PAMAM G3.5 Glucosamine glucosamine concentration [34]
Various
generations of
polypropylene Star-shaped poly(glutamic acid) These are architecture-dependent [35]
imine (PPI)
dendrimers
PAMAM Glucosamine Prevent gut wall tissue damage in diarrhoeal [36]
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mPEG-PAMAM

Polyphenols (G3), mPEG- Release of drugs cisplatin, resveratrol, Used as a device for the release of hydrophobic [37]
yp PAMAM (G4) and genistein and curcumin and hydrophilic drugs
PAMAM (G4)
Carbosilane Vanillin Cancer cell lines [38]
dendrimers
PAMA](\}/I4G3 and Resveratrol, genistein, and curcumin In vitro release of polyphenols [39]
PAMAM Electron donating groups (EDG) and Acting as an antioxidant against carbon and [40]
antioxidant activities nitrogen free radicals
PAMAM Syringaldehyde- and vanillin +Cu(I) Antioxidant activity [41]
Mitsunobu reaction and benzotriazol-1-
PAMAM yloxytris(dimethylamino)phosphonium Enhanced quenching properties of free radicals [42]
hexafluorophosphate (BOP) coupling agent
Effect pegylation of different biopharmaceutical
Pegylation PAMAM PEG properties of PAMAM dendrimers. Example: [43]
Solubility enhancement or drug loading
PAMAM PEG liposomal formulation Doxil Effective as therapeutic and/or imaging [44]
applications
PAMAM G4 Fully atomistic molecular dynamics (MD) For drug delivery [45]
Table 2. Dendrimer-based functional agents used in cancer therapy
Types of dendrimer Functional agent Application Reference
PAMAM GNRs
Indocyanine green (ICG)
Molybdenum disulfide (MoS,) Photothermal therapy (PTT) [45, 46]
Copper sulfate (CuS)
Au NPs
PAMAM Luciferase-targeted siRNA or Bcl-2 siRNA
Bcl-2 siRNA Gene therapy [47-50]
siBcl-x1, siBcl-2 and siMcl-1 siRNAs
PAMAM DOX [51]
Chemotherapy
PPI DOX [52]
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Table 3. Dendrimers based on different surface modifications

Types of dendrimer Surface modification agent Function Reference

PAMAM PEG

Phosphorylcholine
Carboxybetaine acrylamide (CBAA)
Photothermal therapy (PTT) [53, 54]
Acetyl
CBAA
Arginylglycylaspartic acid (RGD)
Fluorochrome Cy5.5 Fluorescence imaging [55]
PPI Histidine, pyridine, piperazine Buffering capacity property [56]
Anti-epidermal growth factor receptor variant

111 single chain fragment variables (anti- Targeting property [57]
EGFRVIII scFv)

Maltotriose Reducing cytotoxicity [58]
Pélosp}_lorous 8-Anilino-1-naphthalenesulfonate Fluorescence imaging [59]
endrimers
Table 4. Reactants and products for the preparation of PAMAM dendrimers, according to theory
No. Generation of dendrimer Theoretical molecular weight Free NH, / COO’ groups
1 -05G 406.01 4
2 0.0G 51.09 4

1.1 Acetylating of dendrimers

Dendrimers are easily acetylated with acetic anhydride and lead to the formation of primary amine acetylation.

1.2 Conjugation of dendrimers

These can easily make drug conjugates by covalently bonding chemotherapeutic medicines to the dendrimer’s
outskirts. After the spacer between dendrimers and the drugs has been removed, the drugs should be released. As a
result, the types of interfacing bonds are often associated with the drug discharge force. Amide linkage, hydrazone
linkage, -(hydrazinosulfonyl) benzoic acid linkage, ortho-nitrobenzyl coupling, ester linkage, and disulfide linkage are
the most common linkers (Figure 2) [6].
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Figure 2. Scheme for conjugation of PAMAM dendrimers

1.3 Glycosylation of dendrimers

The beautification of these dendrimers is of their neutral charges, which improves their biocompatibility and thus
can be used in the tissue engineering and biomedical sector. Glucose, maltotriose, mannose, lactose, etc. are mostly
used sugar ligands in dendrimers. After that, halfway examination of these may be reduced to form optional and tertiary
amines with the ideal starch units. These glycosylated dendrimers are evaluated as a device in drug delivery mechanism,
as well as a medicinal, diagnosis, and therapy for leukemia [7-9].

1.4 Polyphenols dendrimers

Dendrimers are nanometer-sized synthetic macromolecules, which have heavily branched structures, that may
be useful in drug delivery. Polyphenols have micronutrients and are available in the eating regimen, which plays a
significant job in anticipation of degenerative sicknesses.

1.5 Pegylation of dendrimers

PEG substitution is the most widely used method for increasing dendrimer biocompatibility, extending dendrimer
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blood flow time in vivo, and facilitating tumor collection via the enhanced penetrability and maintenance (EPR) effect.
PEG acted as a spacer between dendrimers and concentrated on other utilitarian specialists (Figure 3) [9].
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Figure 3. Scheme for pegylation of PAMAM dendrimers

1.6 Synthesis of PAMAM Dendrimers

PAMAM dendrimers are prepared using a contrary process. Preparation of an ethylenediamine (EDA) core
PAMAM dendrimer involves two steps: In the first step, Michael addition of a primary amine to methyl acrylate and in
the second step, amidation of the resulting multi ester of EDA (Figure 4) [60-62].

HZN\/\N:w]/ ﬁx /_>iv Higher

generation of

CH,0OH PAMMAM
CH,OH dendrimers
G=0.5
1. Michael addition (Tetra ester)

2. Amidation

Figure 4. Scheme of synthesis of PAMAM dendrimer through Michael addition reaction

By adding 04 acrylate moieties in every group of EDA, it serves as an initiator centre for the beginning of the
synthesis of dendrimers. The name given to the compound is generation -0.5 PAMAM tetra ester. The dendrimers’
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arrangement branched as a result of this. The terminal carbomethoxy group (COCH,) of methyl acrylate is amidated
with EDA in step 2. “Generation 0.0 PAMAM tetra amine” was generated by combining this tetra ester with too much
EDA. To prevent incomplete reactions and thereby boost yield, EDA can be used 30-100 times.

Methanol was used as a medium for the reaction. Any step of the reactions was followed by the removal of excess
reagents by vacuum evaporation at 50-60 °C. The entire reaction took place in the dark and in an amber-colored firmly
corked circular flask. The reaction was completed in two days, while the amidation reaction took four days [9, 60-62].

2. Synthetic methodology
2.1 Synthesis of PAMAM dendrimers of the -0.5 generation

In a beaker, combine EDA (3.5 ml) with a minimal amount of methanol. Methyl acrylate (19.5 ml) and a small
amount of methanol were combined separately. Both solutions were combined in an amber-colored rubidium fluoride
(RbF) and set aside for 48 hours. A CusS test was used to track the reaction. The solvent was extracted under a vacuum at
52 °C after the reaction was completed. PAMAM dendrimers of the -0.5 century were shaped as a semisolid mass.

2.2 Synthesis in PAMAM dendrimers of the first generation

An amount of 2 g of -0.5 G + EDA (41.6 ml) was dissolved in 12-18 ml methanol in an amber-colored circular
bottom flask that was securely corked and stored for 72 hours. Finally, any remaining liquid is ejected into the water
bath. Ultraviolet (UV) spectroscopy and Fourier transform infrared (FTIR) spectroscopy are used to examine the
dendrimers that have been prepared.

2.3 Surface modification of PAMAM dendrimers

Refer to Figures 1, 2 and 3.

3. Conclusion

Dendrimers are profoundly characterized by artificial macromolecules. They are described by a mix of a high number
of combinations of molecular structure and functional groups. Dendrimers could be functionalized with different groups
of surfaces modified which show more therapeutic efficacy and targeting agents. PAMAM dendrimers are best suited
for the release of hydrophobic drugs, as they can be encapsulated inside the internal void of PAMAM dendrimers. Their
pH-sensitive and low pH properties provide a stimulus for the release of the drug. The surface decoration acetylation,
pegylation, glycosylation, polyphenols, and conjugation unique structural show significant properties of dendrimers
for cancer therapy, synergistic therapeutic efficacy, multifunctional nano drug delivery, higher biocompatibility, and
enhanced treatments.

Conflict of interest

Declared none by all authors.

References

[1] Dhivehi DK, Singh AK. Dendrimers: A novel carrier system for drug delivery. Journal of Drug Delivery and
Therapeutics. 2014; 4(5): 1-6. https://doi.org/10.22270/jddt.v4i5.968

[2] D’Emanuele A, Jevprasesphant R, Penny J, Attwood D. The use of a dendrimer-propranolol prodrug to bypass
efflux transporters and enhance oral bioavailability. Journal of Control Release. 2004; 95(3): 447-453. https://doi.

Volume 2 Issue 1]2023| 37 Advanced Chemicobiology Research


https://doi.org/10.22270/jddt.v4i5.968
https://doi.org/10.1016/j.jconrel.2003.12.006

org/10.1016/j.jconrel.2003.12.006

[3] Tomalia DA, Baker H, Dewald J, Hall M, Kallos G, Martin S, et al. A new class of polymers: Starburst-dendritic
macromolecules. Polymer Journal. 1985; 17(1): 117-132. https://doi.org/10.1295/polymj.17.117

[4] Lee CC, MacKay JA, Fréchet JMJ, Szoka FC. Designing dendrimers for biological applications. Natural
Biotechnology. 2005; 23(12): 1517-1526. https://doi.org/10.1038/nbt1171

[5] Fischer M, Vogtle F. Dendrimers: From design to application-a progress report. Angewandte Chemie International
Edition. 1999; 38(7): 884-905. https://doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C884::AID-
ANIE884%3E3.0.CO;2-K

[6] D’Emanuele A, Attwood D. Dendrimer-drug interactions. Advanced Drug Delivery Reviews. 2005; 57(15): 2147-
2162. https://doi.org/10.1016/j.addr.2005.09.012

[7] CaoY, HeY, Liu H, Luo Y, Shen M, Xia J, et al. Targeted CT imaging of human hepatocellular carcinoma using
low-generation dendrimer-entrapped gold nanoparticles modified with lactobionic acid. Journal of Materials
Chemistry B. 2015; 3: 286-295. https://doi.org/10.1039/C4TB01542H

[8] Oh MH, Lee N, Kim H, Park SP, Piao Y, Lee J, et al. Large-scale synthesis of bioinert tantalum oxide nanoparticles
for X-ray computed tomography imaging and bimodal image-guided sentinel lymph node mapping. Journal of
American Chemistry Society. 2011; 133(14): 5508-5515. https://doi.org/10.1021/ja200120k

[9] Singh S, Singh G, Sehrawat S, Rawat P, Molugulu N, Singh V, et al. Conclusion and future consideration of
dendrimers. In: Kesharwani P. (ed.) Dendrimer-based nanotherapeutic. Amsterdam, Netherlands: Elsevier; 2021.
p.449-458. https://doi.org/10.1016/B978-0-12-821250-9.00005-6

[10] Waite CL, Sparks SM, Uhrich KE, Roth CM. Acetylation of PAMAM dendrimers for cellular delivery of siRNA.
BMC Biotechnology. 2009; 9: 38. https://doi.org/10.1186/1472-6750-9-38

[11] Guo R, Wang H, Peng C, Shen M, Pan M, Cao X, et al. X-ray attenuation property of dendrimer-entrapped gold
nanoparticles. The Journal of Physical Chemistry C.2010; 114(1): 50-56. https://doi.org/10.1021/jp9078986

[12] Saovapakhiran A, D’Emanuele A, Attwood D, Penny J. Surface modification of PAMAM dendrimers modulates
the mechanism of cellular internalization. Bioconjugate Chemistry. 2009; 20(4): 693-701. https://doi.org/10.1021/
bc8002343

[13] Surya PG, Raj KK, Tapsya G, Arun KG, Anil KS. An alternative approach for acetylation of amine terminated
polyamidoamine (PAMAM) dendrimer. Ars Pharmaceutica. 2015; 56(3): 155-159. http://hdl.handle.
net/10481/40228

[14] Mandal T, Dasgupta C, Maiti PK. Engineering gold nanoparticle interaction by PAMAM dendrimer. The Journal of
Physical Chemistry C.2013; 117(26): 13627-13636. https://doi.org/10.1021/jp401218t

[15] Wang H, Zheng L, Guo R, Peng C, Shen M, Shi X, et al. Dendrimer-entrapped gold nanoparticles as potential CT
contrast agents for blood pool imaging. Nanoscale Research Letters. 2012; 7: 190. https://doi.org/10.1186/1556-
276X-7-190

[16] Choi Y, Thomas T, Kotlyar A, Islam MT, Baker Jr JR. Synthesis and functional evaluation of DNA-assembled
polyamidoamine dendrimer clusters for cancer cell-specific targeting. Cell Chemistry Biology. 2005; 12(1): 35-43.
https://doi.org/10.1016/j.chembiol.2004.10.016

[17] Marcinkowska M, Sobierajska E, Stanczyk M, Janaszewska A, Chworos A, Klajnert-Maculewicz B. Conjugate
of PAMAM dendrimer, doxorubicin and monoclonal antibody -trastuzumab: The new approach of a well-known
strategy. Polymers. 2018; 10(2): 187. https://doi.org/10.3390/polym10020187

[18] Zhang M, Zhu J, Zheng Y, Guo R, Wang S, Mignani S, et al. Doxorubicin-conjugated PAMAM dendrimers for
pH-responsive drug release and folic acid-targeted cancer therapy. Pharmaceutics. 2018; 10(3): 162. https://doi.
org/10.3390/pharmaceutics 10030162

[19] Majoros 1J, Myc A, Thomas T, Mehta CB, Baker JR. PAMAM dendrimer-based multifunctional conjugate for
cancer therapy: Synthesis, characterization, and functionality. Biomacromolecules. 2006; 7(2): 572-579. https://doi.
org/10.1021/bm0506142

[20] Marcinkowska M, Stanczyk M, Janaszewska A, Sobierajska E, Chworos A, Klajnert-Maculewicz B.
Multicomponent conjugates of anticancer drugs and monoclonal antibody with PAMAM dendrimers to increase
efficacy of HER-2 positive breast cancer therapy. Pharmaceutical Research. 2019; 36(11): 154. https://doi.
org/10.1007/s11095-019-2683-7

[21] Sztandera K, Dziatak P, Marcinkowska M, Stanczyk M, Gorzkiewicz M, Janaszewska A, et al. Sugar modification
enhances cytotoxic activity of PAMAM-doxorubicin conjugate in glucose-deprived MCF-7 cells - possible role of
GLUT1 transporter. Pharmaceutical Research. 2019; 36(10): 140. https://doi.org/10.1007/s11095-019-2673-9

[22] Chang Y, Liu N, Chen L, Meng X, Liu Y, Li Y, et al. Synthesis and characterization of DOX-conjugated dendrimer-

Advanced Chemicobiology Research 38 | Saruchi, et al.


https://doi.org/10.1016/j.jconrel.2003.12.006
https://doi.org/10.1295/polymj.17.117
https://doi.org/10.1038/nbt1171
https://doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C884::AID-ANIE884%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C884::AID-ANIE884%3E3.0.CO;2-K
https://doi.org/10.1016/j.addr.2005.09.012
https://doi.org/10.1039/C4TB01542H
https://doi.org/10.1021/ja200120k
https://doi.org/10.1016/B978-0-12-821250-9.00005-6
https://doi.org/10.1186/1472-6750-9-38
https://doi.org/10.1021/jp9078986
https://doi.org/10.1021/bc8002343
https://doi.org/10.1021/bc8002343
http://hdl.handle.net/10481/40228
http://hdl.handle.net/10481/40228
https://doi.org/10.1021/jp401218t
https://doi.org/10.1186/1556-276X-7-190
https://doi.org/10.1186/1556-276X-7-190
https://doi.org/10.1016/j.chembiol.2004.10.016
https://doi.org/10.3390/polym10020187
https://doi.org/10.3390/pharmaceutics10030162
https://doi.org/10.3390/pharmaceutics10030162
https://doi.org/10.1021/bm0506142
https://doi.org/10.1021/bm0506142
https://doi.org/10.1007/s11095-019-2683-7
https://doi.org/10.1007/s11095-019-2683-7
https://doi.org/10.1007/s11095-019-2673-9

modified magnetic iron oxide conjugates for magnetic resonance imaging, targeting, and drug delivery. Journal of
Materials Chemistry. 2012; 22: 9594-9601. https://doi.org/10.1039/C2IM16792A

[23] Xie J, Wang J, Chen H, Shen W, Sinko PJ, Dong H, et al. Multivalent conjugation of antibody to dendrimers for the
enhanced capture and regulation on colon cancer cells. Scientific Reports. 2015; 5: 9445, https://doi.org/10.1038/
srep09445

[24] Abedi-Gaballu F, Dehghan G, Ghaffari M, Yekta R, Abbaspour-Ravasjani S, Baradaran B, et al. PAMAM
dendrimers as efficient drug and gene delivery nanosystems for cancer therapy. Applied Materials Today. 2018; 12:
177-190. https://doi.org/10.1016/j.apmt.2018.05.002

[25] Li X, Takashima M, Yuba E, Harada A, Kono K. PEGylated PAMAM dendrimer-doxorubicin conjugate-hybridized
gold nanorod for combined photothermal-chemotherapy. Biomaterials. 2014; 35(24): 6576-6584. https://doi.
org/10.1016/j.biomaterials.2014.04.043

[26] Uram L, Szuster M, Filipowicz A, Zargba M, Walajtys-Rode E, Wotowiec S. Cellular uptake of glucoheptoamidated
poly(amidoamine) PAMAM G3 dendrimer with amide-conjugated biotin, a potential carrier of anticancer drugs.
Bioorganic & Medicinal Chemistry. 2017; 25(2): 706-713. https://doi.org/10.1016/j.bmc.2016.11.047

[27] Alibolandi M, Taghdisi SM, Ramezani P, Shamili FH, Farzad SA, Abnous K, et al. Smart AS1411-aptamer
conjugated pegylated PAMAM dendrimer for the superior delivery of camptothecin to colon adenocarcinoma
in vitro and in vivo. International Journal of Pharmaceutics. 2017; 519(1-2): 352-364. https://doi.org/10.1016/
j-ijpharm.2017.01.044

[28] Pisal DS, Yellepeddi VK, Kumar A, Palakurthi S. Transport of surface engineered polyamidoamine
(PAMAM) dendrimers across IPEC-J2 cell monolayers. Drug Delivery. 2008; 15(8): 515-522. https://doi.
org/10.1080/10717540802321826

[29] Khatri S, Das NG, Das SK. Effect of methotrexate conjugated PAMAM dendrimers on the viability of MES-SA
uterine cancer cells. Journal of Pharmacy & BioAllied Sciences. 2014; 6(4): 297-302. https://doi.org/10.4103/0975-
7406.142963

[30] Liu X, Liu J, Luo Y. Facile glycosylation of dendrimers for eliciting specific cell-material interactions. Polymer
Chemistry. 2012; 3: 310-313. https://doi.org/10.1039/C1PY00404B

[31] Barata TS, Teo I, Brocchini S, Zloh M, Shaunak S. Partially glycosylated dendrimers block MD-2 and prevent
TLR4-MD-2-LPS complex mediated cytokine responses. PLoS Computational Biology. 2011; 7(6): ¢1002095.
https://doi.org/10.1371/journal.pcbi.1002095

[32] Torres-Pérez SA, del Pilar Ramos-Godinez M, Ramon-Gallegos E. Glycosylated one-step PAMAM dendrimers
loaded with methotrexate for target therapy in breast cancer cells MDA-MB-231. Journal of Drug Delivery Science
and Technology. 2020; 58: 101769. https://doi.org/10.1016/j.jddst.2020.101769

[33] Chang D-D, Yang W-H, Dai X-H, Wang J-X, Chen L, Pan J-M, et al. Click synthesis of glycosylated porphyrin-
cored PAMAM dendrimers with specific recognition and thermosensitivity. Journal of Polymer Research. 2018;
25:257. https://doi.org/10.1007/s10965-018-1640-1

[34] Barata TS, Shaunak S, Teo I, Zloh M, Brocchini S. Structural studies of biologically active glycosylated
polyamidoamine (PAMAM) dendrimers. Journal of Molecular Modeling. 2011; 17: 2051-2060. https://doi.
org/10.1007/s00894-010-0907-1

[35] Byrne M, Mildner R, Menzel H, Heise A. Glycosylated star polypeptides from NCA polymerization: Selective
binding as a function of degree of branching and glycosylation. Macromolecular Bioscience. 2015; 15(1): 74-81.
https://doi.org/10.1002/mabi.201400371

[36] Teo I, Toms SM, Marteyn B, Barata TS, Simpson P, Johnston KA, et al. Preventing acute gut wall damage in
infectious diarrhoeas with glycosylated dendrimers. EMBO Molecular Medicine. 2012; 4(9): 866-881. https://doi.
org/10.1002/emmm.201201290

[37] Abderrezak A, Bourassa P, Mandeville J-S. Sedaghat-Herati R, Tajmir-Riahi H-A. Dendrimers bind antioxidant
polyphenols and cisPlatin drug. PLoS One. 2012; 7(3): €33102. https://doi.org/10.1371/journal.pone.0033102

[38] Mencia G, del Olmo NS, Mufioz-Moreno L, Maroto-Diaz M, Gomez R, Ortega P, et al. Polyphenolic carbosilane
dendrimers as anticancer agents against prostate cancer. New Journal of Chemistry. 2016; 40: 10488-10497. https://
doi.org/10.1039/C6NJ02545E

[39] Chanphai HA, Tajmir-Riahi HA. Binding analysis of antioxidant polyphenols with PAMAM nanoparticles. Journal
of Biomolecular Structure & Dynamics. 2017; 36(13): 3487-3495. https://doi.org/10.1080/07391102.2017.1391124

[40] Lee CY, Nanah CN, Held RA, Clark AR, Huynh UGT, Maraskine MC, et al. Effect of electron donating
groups on polyphenol-based antioxidant dendrimers. Biochimie. 2015; 111: 125-134. https://doi.org/10.1016/
j-biochi.2015.02.001

[41] Lee CY, Held R, Sharma A, Baral R, Nanah C, Dumas D, et al. Copper-granule-catalyzed microwave-assisted click

Volume 2 Issue 1]2023] 39 Advanced Chemicobiology Research


https://doi.org/10.1039/C2JM16792A
https://doi.org/10.1038/srep09445
https://doi.org/10.1038/srep09445
https://doi.org/10.1016/j.apmt.2018.05.002
https://doi.org/10.1016/j.biomaterials.2014.04.043
https://doi.org/10.1016/j.biomaterials.2014.04.043
https://doi.org/10.1016/j.bmc.2016.11.047
https://doi.org/10.1016/j.ijpharm.2017.01.044
https://doi.org/10.1016/j.ijpharm.2017.01.044
https://doi.org/10.1080/10717540802321826
https://doi.org/10.1080/10717540802321826
https://doi.org/10.4103/0975-7406.142963
https://doi.org/10.4103/0975-7406.142963
https://doi.org/10.1039/C1PY00404B
https://doi.org/10.1371/journal.pcbi.1002095
https://doi.org/10.1016/j.jddst.2020.101769
https://doi.org/10.1007/s10965-018-1640-1
https://doi.org/10.1007/s00894-010-0907-1
https://doi.org/10.1007/s00894-010-0907-1
https://doi.org/10.1002/mabi.201400371
https://doi.org/10.1002/emmm.201201290
https://doi.org/10.1002/emmm.201201290
https://doi.org/10.1371/journal.pone.0033102
https://doi.org/10.1039/C6NJ02545E
https://doi.org/10.1039/C6NJ02545E
https://doi.org/10.1080/07391102.2017.1391124
https://doi.org/10.1016/j.biochi.2015.02.001 
https://doi.org/10.1016/j.biochi.2015.02.001 

synthesis of polyphenol dendrimers. The Journal of Organic Chemistry. 2013; 78(22): 11221-11228. https://doi.
org/10.1021/j0401603d

[42] Handique JG, Mahanta D, Devi A, Boruah MP. Synthesis and electrochemical behavior of some
dendritic polyphenols as antioxidants. Letters in Organic Chemistry. 2013; 10(1): 53-59. https://doi.
org/10.2174/1570178611310010013

[43] Luong D, Kesharwani P, Deshmukh R, Amin MCIM, Gupta U, Greish K, et al. PEGylated PAMAM dendrimers:
Enhancing efficacy and mitigating toxicity for effective anticancer drug and gene delivery. Acta Biomaterialia.
2016; 43(1): 14-29. https://doi.org/10.1016/j.actbio.2016.07.015

[44] Guillaudeu SJ, Fox ME, Haidar YM, Dy EE, Szoka FC, Fréchet JIM. PEGylated dendrimers with core functionality
for biological applications. Bioconjugate Chemistry. 2008; 19(2): 461-469. https://doi.org/10.1021/bc700264g

[45] Barraza LF, Jiménez VA, Alderete JB. Effect of PEGylation on the structure and drug loading capacity of PAMAM-
G4 dendrimers: A molecular modeling approach on the complexation of 5-fluorouracil with native and PEGylated
PAMAM-G4. Macromolecular Chemistry and Physics. 2015; 216(16): 1689-1701. https://doi.org/10.1002/
macp.201500179

[46] Zan M, Li J, Huang M, Lin S, Luo D, Luo S, et al. Near-infrared light-triggered drug release nanogels for combined
photothermal-chemotherapy of cancer. Biomaterials Science. 2015; 3: 1147-1156. https://doi.org/10.1039/
C5BMO00048C

[47] Kong L, Xing L, Zhou B, Du L, Shi X. Dendrimer-modified MoS, nanoflakes as a platform for combinational gene
silencing and photothermal therapy of tumors. ACS Applied Materials & Interfaces. 2017; 9(19): 15995-16005.
https://doi.org/10.1021/acsami.7b03371

[48] Chang H, Zhang Y, Li L, Cheng Y, et al. Efficient delivery of small interfering RNA into cancer cells using
dodecylated dendrimers. Journal of Materials Chemistry B. 2015; 3: 8197-8202. https://doi.org/10.1039/
C5TB01257K

[49] Ionov M, Lazniewska J, Dzmitruk V, Halets I, Loznikova S, Novopashina D, et al. Anticancer siRNA cocktails as a
novel tool to treat cancer cells. Part (A). Mechanisms of interaction. International Journal of Pharmaceutics. 2015;
485(1-2): 261-269. https://doi.org/10.1016/j.ijpharm.2015.03.024

[50] Liu H, Wang Y, Wang M, Xiao J, Cheng Y. Fluorinated poly(propylenimine) dendrimers as gene vectors.
Biomaterials. 2014; 35(20): 5407-5413. https://doi.org/10.1016/j.biomaterials.2014.03.040

[51] Zhang C, Pan D, Li J, Hu J, Bains A, Guys N, et al. Enzyme-responsive peptide dendrimer-gemcitabine conjugate
as a controlled-release drug delivery vehicle with enhanced antitumor efficacy. Acta Biomaterialia. 2017; 55: 153-
162. https://doi.org/10.1016/j.actbio.2017.02.047

[52] Golshan M, Salami-Kalajahi M, Roghani-Mamagani H, Mohammadi M. Poly(propylene imine) dendrimer-grafted
nanocrystalline cellulose: Doxorubicin loading and release behavior. Polymer. 2017; 117: 287-294. https://doi.
org/10.1016/j.polymer.2017.04.047

[53] Jia L, Xu J-P, Wang H, Ji J. Polyamidoamine dendrimers surface-engineered with biomimetic phosphorylcholine
as potential drug delivery carriers. Colloids and Surfaces B: Biointerfaces. 2011; 84(1): 49-54. https://doi.
org/10.1016/j.colsurfb.2010.12.012

[54] Xiong Z, Wang Y, Zhu J, Li X, He Y, Qu J, et al. Dendrimers meet zwitterions: Development of a unique
antifouling nanoplatform for enhanced blood pool, lymph node and tumor CT imaging. Nanoscale. 2017; 9: 12295-
12301. https://doi.org/10.1039/C7NR03940A

[55] Fu F, Wu Y, Zhu J, Wen S, Shen M, Shi X. Multifunctional lactobionic acid-modified dendrimers for targeted drug
delivery to liver cancer cells: Investigating the role played by PEG spacer. ACS Applied Materials & Interfaces.
2014; 6(18): 16416-16425. https://doi.org/10.1021/am504849x

[56] Hashemi M, Tabatabai SM, Parhiz H, Milanizadeh S, Farzad SA, Abnous K, et al. Gene delivery efficiency and
cytotoxicity of heterocyclic amine-modified PAMAM and PPI dendrimers. Materials Science and Engineering: C.
2016; 61: 791-800. https://doi.org/10.1016/j.msec.2016.01.023

[57] Tietze S, Schau I, Michen S, Ennen F, Janke A, Schackert G, et al. A poly(propylencimine) dendrimer-based
polyplex-system for single-chain antibody-mediated targeted delivery and cellular uptake of siRNA. Small. 2017,
13(27): 1700072. https://doi.org/10.1002/smll.201700072

[58] Xiong Z, Wang Y, Zhu J, He Y, Qu J, Effenberg C, et al. Gd-chelated poly(propylene imine) dendrimers with
densely organized maltose shells for enhanced MR imaging applications. Biomaterials Science. 2016; 4: 1622-
1629. https://doi.org/10.1039/C6BM00532B

[59] Shcharbin D, Dzmitruk V, Shakhbazau A, Goncharova N, Seviaryn I, Kosmacheva S, et al. Fourth generation
phosphorus-containing dendrimers: Prospective drug and gene delivery carrier. Pharmaceutics. 2011; 3(3): 458-
473. https://doi.org/10.3390/pharmaceutics3030458

Advanced Chemicobiology Research 40 | Saruchi, et al.


https://doi.org/10.1021/jo401603d
https://doi.org/10.1021/jo401603d
https://doi.org/10.2174/1570178611310010013
https://doi.org/10.2174/1570178611310010013
https://doi.org/10.1016/j.actbio.2016.07.015
https://doi.org/10.1021/bc700264g
https://doi.org/10.1002/macp.201500179
https://doi.org/10.1002/macp.201500179
https://doi.org/10.1039/C5BM00048C
https://doi.org/10.1039/C5BM00048C
https://doi.org/10.1021/acsami.7b03371
https://doi.org/10.1039/C5TB01257K
https://doi.org/10.1039/C5TB01257K
https://doi.org/10.1016/j.ijpharm.2015.03.024
https://doi.org/10.1016/j.biomaterials.2014.03.040
https://doi.org/10.1016/j.actbio.2017.02.047
https://doi.org/10.1016/j.polymer.2017.04.047
https://doi.org/10.1016/j.polymer.2017.04.047
https://doi.org/10.1016/j.colsurfb.2010.12.012
https://doi.org/10.1016/j.colsurfb.2010.12.012
https://doi.org/10.1039/C7NR03940A
https://doi.org/10.1021/am504849x
https://doi.org/10.1016/j.msec.2016.01.023
https://doi.org/10.1002/smll.201700072
https://doi.org/10.1039/C6BM00532B
https://doi.org/10.3390/pharmaceutics3030458

[60] Marwah H, Singh S, Kesharwani P, Arora A. Dendrimer nanohybrid systems for drug delivery. In: Kesharwani
P, Jain NK. (eds.) Hybrid nanomaterials for drug delivery. Amsterdam, Netherlands: Elsevier; 2022. p.245-268.
https://doi.org/10.1016/B978-0-323-85754-3.00009-5

[61] Bapat RA, Dharmadhikari S, Chaubal TV, Amin MCIM, Bapat P, Gorain B, et al. The potential of dendrimer in
delivery of therapeutics for dentistry. Heliyon. 2019; 5(10): e02544. https://doi.org/10.1016/j.heliyon.2019.e02544

[62] Gorain B, Choudhary H, Pandey M, Kesharwani P. Paclitaxel loaded vitamin E-TPGS nanoparticles for cancer
therapy. Material Science Engineering C.2018; 91(1): 868-880. https://doi.org/10.1016/j.msec.2018.05.054

Volume 2 Issue 1]2023] 41 Advanced Chemicobiology Research


https://doi.org/10.1016/B978-0-323-85754-3.00009-5
https://doi.org/10.1016/j.heliyon.2019.e02544
https://doi.org/10.1016/j.msec.2018.05.054

