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ABSTRACT: Utilizing macromolecular scaffolds as templates 
for the production of small molecules that are distinctively 
different to the original monomer feedstock has many poten-
tial uses. Herein, as a proof-of-concept, a family of den-
drimers displaying internally queued disulfide bridges were 
synthesized, and exploited as flawless macromolecular tem-
plates that selectively rupture, into a set of monomeric mer-
captans. Disassembly was accomplished in a reducing envi-
ronment, using DTT as an external stimulus, and the thiol 
constituents were successfully isolated. Their composition 
was dictated by three dendritic regions i.e. i) the symmetrical 
tri-thiol of the core (C3), ii) the interior-asymmetric tri-thiols 
(CD2), and iii) the periphery-asymmetric monothiols (DB2) in 
which B functionality is of an orthogonal nature. Taking into 
account the steady-state between disulfides and thiols in all 
living cells, the collapse of the dendrimers to a multitude of 
smaller thiols was intracellularly assessed and as a means to 
disrupt the balance of reactive oxygen species (ROS) often 
elevated in cancer cells. Indeed, the fragmentation induced a 
significant increase of ROS in human lung carcinoma A549 
cells. These findings can potentially alter the perception of 
dendrimers limited as carriers to prodrugs for intracellularly 
delivery of ROS- with potential to fight cancer. 

Introduction 

Dendrimers are among the most structurally advanced syn-
thetic macromolecules that modern chemistry has accom-
plished.

1
 Their flawless nature is a consequence of iterative 

synthetic procedure which capitalizes on robust organic 
reactions that interconnect an exact number of ABx building 
blocks in a confined and highly branched polymeric frame-
work. The resulting macromolecules have structural perfec-
tion equivalent to proteins or peptides, a globular shape and 
monodispersity, as well as the possibility for molecular 
weights in the peptide/ protein region.

2-3
 Such unique fea-

tures along with the multiple representation of an exact 
number of functional groups have enabled researchers to 
conduct structure-to-property studies in an array of research 
fields.

4-5
  

To further expand the application areas dendrimer chemists, 
fueled by the increased number of robust, efficient and or-

thogonal approaches,
6-7

 are revisiting the synthetic drawing-
board to tailor more sophisticated dendrimers for biomedical 
applications. Several synthetic improvements have success-
fully been identified for such dendrimers that greatly simpli-
fy the chemistry i) via accelerated orthogonal growth which 
reduces the number of reactions by half for the synthesis of 
dendrimers

2, 8
; and ii) that displays functional group hetero-

geneity i.e. the capacity to carry a large and exact number of 
distinctively different cargos.

2
 The latter, denoted as hetero-

functional dendrimers (HFDs), are often accomplished by 
introducing heterogeneous functionalities at the periphery, 
including the popular example of so called “bowtie” den-
drimers with Janus conformations.

9
  

It is apparent that the dominant number of dendrimers re-
ported on, or assessed by scientists, is still focusing on the 
large number of reactive end-groups at peripheral position 
while the interior is considered redundant as a non-
participating compartment.

10-11
A small number of reports 

have ventured in to the design of HFDs with functionalities 
not only located at the periphery but also incorporated as 
pendant functionalities along the interior framework.

12
 These 

HFD frameworks with internal/external functionalities rep-
resent the state-of-art, and make use of the dendritic interior 
as an asset to incorporate desired functionalities as part of 
the internal skeleton. 

2, 13
 In this context, self-immolating 

dendrimers have emerged that can, through a single activa-
tion step and by an external stimuli such as pH 

14-15
, light 

16-18
 

or heat,
19

 cause a cascade-like de-polymerization releasing 
the original feedstock of small building blocks.

20-21
 However, 

with the increasing pace and demand for more advanced 
scaffolds, especially towards biomedical applications, it is 
evident that the dendrimers need to reach new grounds of 
structural sophistication to meet current and future needs. 
More precisely, the next generation of internally functional-
ized dendrimers need to go beyond single purpose function 
i.e. the release of original building blocks. Consequently, we 
propose a new generation of templating soft materials based 
on internally functionalized dendrimers that can upon the 
presence of an external stimuli i) rupture to a multitude of 
isolatable building blocks, distinctively different from the 
original monomer feedstock, and ii) spontaneously collapse 
and releases biologically relevant species that can intracellu-
larly tip the balance of reactive oxidative species (ROS).  
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RESULTS AND DISCUSSION 

As a proof-of concept, dual-purpose and monodisperse poly-
ester dendrimers based on 2,2-bismethylol propionic acid 
(bis-MPA) with large and exact number of dormant and 
internally queued disulfide bridges were synthesized. Bis-
MPA based dendrimers were a natural choice of platform due 
to their synthetic versatility, as well as being benign with 

respect to biological applications.
22

 Disulfide bridges were 
selected as the most promising dormant species on the basis 
that i) they can undergo selective cleavage in a single step 
based on the already established redox mechanism between 
dormant oxidized disulfide and reactive reduced thiol; ii) 
they are found in many important biological functions in-
cluding the thioredoxin or glutaredoxin redox systems re-
sponsible for scission of disulfides in living organisms

23-26
;  

 

Figure 1 a) Synthetic strategy including monomer synthesis and divergent growth approach towards TMP-(S-S)21-G3-(OH)24 (11) 
as well as peripheral functionalities targeted in this work. b) MALDI-TOF-MS spectra of monodisperse dendritic scaffolds (6-13), 
attained masses are in agreement with calculated values. c) Structural analysis of TMP-(S-S)9-G3-(Acet)6 (8) (top (R = Acet)) and 
TMP-(S-S)9-G2-(OH)12 (9) (bottom (R = OH)) by 

1
H NMR spectroscopy in CDCl3 with spectra conforming to structure. d) THF 

SEC traces of acetonide protected dendrimers (6, 8, 10 and 12). 

and iii) the collapse of these templating dendrimers would 
generate new highly reactive thiol functional monomers. 
These monomers are attractive building-blocks that can 
participate as key components in material science via a num-
ber of chemical transformation reactions including Michael 
addition and UV initiated thiol-ene or thiol-yne click reac-
tions.

27-28
 

Initially, the traditional AB2 bis-MPA monomer required 
refinement to encompass asymmetric disulfides. This was 
accomplished in three consecutive synthetic steps, from 
commercial chemicals in >40 gram scale, resulting in anhy-
dride activated carboxylic hydroxyethyl disulfide bis-MPA 

(A-bis-MPA
SS

, 5) with acetonide protected diols, Figure 1a. 
Dendrimers with heterogeneous bonds, i.e. internal disulfide 
bridges and ester bonds were accomplished via layer-by-layer 
divergent growth approach. The divergent route was chosen 
as it is the preferred growth strategy to generate flawless 
dendrimers in large scale with minimum loss of valuable 
dendritic feedstock.

29-31
 The first generation [G] dendrimer 

based on a trimethylolpropane (TMP) core, TMP-(S-S)3-G1-
(Acet)3 (6), with three dormant disulfide bonds was straight-
forwardly isolated in 95% yield through anhydride chemistry. 
From the various esterification conditions examined, a small 
excess of A-bis-MPA

SS 
(5) in CH2Cl2 and in the presence of 

pyridine and catalytic amounts of dimethylaminopyridine 
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(DMAP) with optimized molar ratios [1TMP-

OH][1.25][3Pyr][0.2DMAP] were found satisfactory.  

Activation of the peripheral hydroxyl groups was achieved 
through simple acidic deprotection of TMP-(S-S)3-G1-(Acet)3 
(6) in a 50:50 Vol% CH2Cl2: MeOH solvent mixture using 
Dowex W50

TM
 as an acidic resin. The resulting [G1] hydroxyl 

functional dendrimer TMP-(S-S)3-G1-(OH)6 (7) was isolated 
in 81 % yield. Iterative growth and activation steps yielded 
flawless dendrimers TMP-(S-S)9-G2-(Acet)6 (8), TMP-(S-S)9-
G2-(OH)12 (9), TMP-(S-S)21-G3-(Acet)12 (10), TMP-(S-S)21-G3-
(OH)24 (11), TMP-(S-S)45-G4-(Acet)24 (12) and finally TMP-(S-

S)45-G4-(OH)48 (13) with a molecular weight of 15977 g/mol 
comprising 45 internal disulfide bonds as well as 48 periph-
eral hydroxides.  

All reactions were monitored by NMR and MALDI-TOF MS 
and the final dendrimers were thoroughly characterized with 
respect to their structural perfection, Figure 1 (Figure S1-
S13, S23 and S25). A typical 

1
H-NMR of fully protected TMP-

(S-S)21-G3-(Acet)12 (10) and its hydroxyl functional counter-
part TMP-(S-S)21-G3-(OH)24 (11) can be seen in Figure 1c. To 
corroborate on the structural perfection of the dendrimers 
MALDI-TOF-MS was utilized, see Figure 1b.  

Figure 2 a) Illustration of dendrimer fragmentation with components gained upon fragmentation. b) MALDI-TOF-MS before 
and after degradation using DTT for TMP-(S-S)21-G3-(Acet)24 (10) displaying defined dendrimer peak before and complete disin-
tegration after. c) Amount of thiols attained in proportion to dendritic generation as well as number of different fragments at-
tained. d) All thiol functional fragments isolated in this work, analytical data can be found in supporting information.

SEC analysis further supported the molecular weight increase 
with generations in which all dendrimers exhibited consist-
ently low dispersities (Ð) ranging from 1.02-1.13, see Figure 
1d. Notably, no evidence of intramolecular sulphur rear-
rangements could be detected indicating that the dendritic 

architectures are stable during growth and activation steps as 
well as during storage. Subsequently, post-functionalization 
of TMP-(S-S)9-G2-(OH)12 (9) and TMP-(S-S)21-G3-(OH)24 (11) 
was undertaken to exhibit clickable reactive groups at the 
periphery, recognized for their robustness in various fields of 
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chemistry.
32-33

 In this case, 12 and 24 allyls or azides respec-
tively were introduced with the potential of further function-
alization via thiol-ene coupling (TEC) and triazole forming 
click chemistries (CuAAC and SPAAC).

34-37
 The resulting 

dendrimers with peripheral allyls TMP-(S-S)9-G2-(Allyl)12 

(14), TMP-(S-S)21-G3-(Allyl)24 (15) and azides TMP-(S-S)9-G2-
(Azide)12 (16), TMP-(S-S)21-G3-(Azide)24 (17) were isolated in 
75%+ yields, analytical data can be found in Figure S14-S17, 
S23 and S26. 

In contrast to the traditional dendrimers exhibiting only 
internal bonds of similar characteristics, these dendrimers 
display a heterogeneous combination of ester and disulfide 
bonds. In the presence of a reducing agent, an external stim-
ulus, the dendrimers were found to undergo selective col-
lapse, producing a burst of isolatable thiol-functional frag-

ments, Figure 2a. The nature and number of the fragments 
produced is highly dependent on the generation and the 
constituents of the dendrimer. As seen in Figure 2a and 2c, 1 
mole of a fourth generation dendrimer with internally 
queued disulfide bridges would correspond to a total of 46 
moles of three different potential fragments containing i) 1 
symmetrical trithiol O,O'-(2-((2-mercaptoethoxy)carbonyl)-
2-methylpropane-1,3-diyl) bis(2-mercaptoethyl) disuccinate 
(C3) emanating from the core, ii) 21 internal unsymmetrical 
trithiols O,O'-(2-ethyl-2-(((4-(2-mercaptoethoxy)-4-
oxobutanoyl)oxy)methyl)propane-1,3-diyl) bis(2-
mercaptoethyl) disuccinate (DC2) and iii) 24 unsymmetrical 
DB2 with 1 thiol unit and dual-functionality corresponding to 
the chosen peripheral groups, see Figure 2d for all fragments 
isolated.  

 

Figure 3 a) Degradation of TMP-(S-S)45-G4-(PEG750-MM)48 (20) in 50 mM Tris-HCl, pH 8.0, 1 mM, EDTA buffer using coupled 
enzyme reaction system comprising of nicotinamide adenine dinucleotide phosphate (NADPH), glutathione (GSH), glutaredox-
in (Grx) and glutathione reductase (GR). b) Amount of free thiols generated in medium, from A549 cells, or by A549 cells com-
bined with (20) determined by the DTNB assay. c) Cell viability by MTT assay with A549 cells treated with increasing concentra-
tions of (20). d) Proposed intracellular mechanism of the rupturing dendrimers interfering with the thiol reductive systems 
(Trx/ TrxR or GSH/ Grx/ GR) causing thiol oxidation, generation of ROS and ultimately oxidative stress and cell death. e) ROS 
production illustrated by hydroethidine stained cells after treatment with in figure marked concentration of (20), control has no 
added (20). 

This can be compared to a first generation dendrimer, the 
collapse of which would not generate any internal DC2 frag-
ments, Figure 2c. For example, the TMP-(S-S)21-G3-(Acet)24 
(10) with a molecular weight of ca 8 kDa and having 21 inter-
nally queued disulfides was exposed to dithiothreitol (DTT) 
in the presence of trimethylamine in chloroform at room 
temperature. 

As seen in Figure 2b and Figure S20, the framework was 
fully cleaved within 15 minutes, from a dendritic template to 
its thiol functional fragments, using 2 equivalents of DTT for 
each internal disulfide bond. Upon the selective collapse, the 
fragments C3, DC2 and DB2 were successfully isolated as pure 
compounds in 50-60% yields and characterized by NMR 
(Figure S21). Similarly, TMP-(S-S)9-G2-(Allyl)12 (15) and 
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TMP-(S-S)9-G2-(Azide)12 (17) were ruptured using identical 
conditions and resulted in isolatable DB2 fragments compris-
ing one thiol as well as two allyls or azides, respectively, as 
well as C3 and CD2 fragments (Figure 2d and Figure S22). It 
should be emphasized that the yield of isolates was not sub-
jected to further optimization but rather employed to vali-
date the concept of using dendritic frameworks as precision 
polymeric templates to generate novel mercaptoethanol-
functional building blocks that are difficult to access by con-
ventional means.  

These fragments have great potential for use as resin compo-
nents to generated cross-linked networks via UV-initiated 
thiol-ene coupling chemistry, thiol-maleimide, Michael addi-
tion reactions etc. The concept illustrated in this work can be 
applied to a myriad of other polymeric scaffolds, such as 
hyper-branched or linear polymers. However, the structural 
perfection of dendrimers coupled with a large and exact 
number of peripheral reactive end-groups enables structural 
control that upon collapse generate new configurations of 
thiol-functional building-blocks. 

From the large number of reports on monodisperse den-
drimers and their use in biomedical applications, these scaf-
folds can be considered as next generation precision poly-
mers in the field of nanomedicines. This is due not only to 
their flawless nature, large number of functional groups and 
fast fragmentation upon presence of external stimuli, but 
also the envisioned cellular mode-of-action. In an intracellu-
lar environment, and in contrast to the traditional bis-MPA 
dendrimers, the frameworks with internally queued disul-
fides are envisioned to undergo selective collapse catalyzed 
by endogenous disulfide reducing molecules, such as the 
glutathione and thioredoxin systems.

38-39
 The intracellular 

reduction that disassembles the dendrimers to its individual 
fragments would require a substantial amount of electrons. 
The outcome of inducing an intracellular and cascade disas-
sembling of the dendrimers would inevitably generate pro-
nounced thiol oxidation, which would cause a highly artifi-
cial oxidizing environment that is toxic and potentially lethal 
to cells.

40-41
 This is of greatest importance in the context of 

selective therapeutic treatment of cancerous cells: it is today 
well-known that cancerous cells have an increased basal 
production of ROS, owing to metabolic aberrations, making 
them more sensitive to additional ROS production.

42
 Normal 

cells on the other hand, have a higher reserve capacity to 
buffer elevated ROS levels, and increasing the ROS level 
locally around cancerous tissue would hence suppress and 
induce cell death more effectively and specifically in the 
tumor. 

43-47
 To evaluate the intracellular performance of the 

dendrimers, further manipulation was required to introduce 
aqueous solubility as well as tune the size of the final den-
drimer. The latter is a an vital variable to avoid the reticulo-
endothelial system

48-51
 and use a phenomena commonly 

known as the enhanced permeation and retention (EPR) 
effect.

52
  

To this end, TMP-(S-S)45-G4-(OH)48 (13) was post functional-
ized with carboxylated poly(ethylene glycol) monomethyl 
ether (PEG750-MM) (19) yielding TMP-(S-S)45-G4-(PEG750-
MM)48 (20). For comparison, PEGylation of a traditional bis-
MPA dendrimer TMP-G4-(OH)48 was also performed, TMP-
G4-(PEG750-MM)48 (21). The PEGylated dendrimers were 

water-soluble, with a molecular weight in the range of 57 
kDa for TMP-(S-S)45-G4-(PEG750-MM)48 (20) and 47 kDa for 
TMP-G4-(PEG750-MM)48 (21), for analytical data see Figure 
S18-S19, S24, S27 and S28. Both scaffolds are above the 
threshold defined by Matsumura and Maeda as optimal for 
drug delivery vehicles.

48
 The disassembly was investigated 

mimicking physiological conditions using the glutathione 
(GSH)/glutaredoxin (Grx)/glutathione reductase (GR) or the 
thioredoxin (Trx)/thioredoxin reductases (TrxR) systems as 
external stimuli on the disulfide containing dendrimer (20) 
and inactive (21) counterpart. The inactive dendrimer, with 
only ester bonds, displayed no disassembly in the presence of 
GSH in combination with Grx (Figure 3a). On the other 
hand, a dose dependent disassembly of (20) to its fragments 
was detected and over a time period of 15 minutes. The disas-
sembly rate of (20) increased almost 4 times reaching a plat-
eau at 1 mM of GSH and 1 µM of Grx. This may indicate that 
the dendrimer (20) is fully fragmented. A similar trend was 
observed with the Trx system, in which traditional bis-MPA 
dendrimer (21) displayed no physiological degradation while 
the active structure (20) disassembled rapidly. Trx was essen-
tial to the reaction as TrxR alone was unable to disrupt (20) 
(Figure S29).  

Satisfied with observed disassembly of disulfide containing 
dendrimers in physiological condition, a preliminary in vitro 
investigation on their performance was conducted in the 
presence of human lung carcinoma A549 cells. The amount 
of free thiols generated in the media due to the disassembly 
of the dendrimers was determined through the DTNB assay, 
see Figure 3b. TMP-(S-S)45-G4-(PEG750-MM)48 (20) or A549 
cells alone in media did not cause a significant change in free 
thiols. Notably, upon mixing both, a trend of thiol oxidation 
in the media could be observed which indirectly corroborates 
the disassembly mechanisms of the dendrimer through the 
consumption of the free thiols secreted by the cells. The 
amount of ROS created by TMP-(S-S)45-G4-(PEG750-MM)48 
(20) is concentration dependent, and can be visualized in 
Figure 3e, where hydroethidine oxidation staining was used 
to visualize ROS as a red color. ROS has been argued to de-
crease cancer propagation by inducing senescence, disrupt-
ing their proliferation effectively halting the cancer growth.

53
 

Figure 3c displays the effect of TMP-(S-S)45-G4-(PEG750-
MM)48 (20) as measured by MTT assay. A decrease below 
80% cell viability was noted at a concentration of 10 μM, 
roughly corresponding to the ROS observed in Figure 3b. 
Further analysis of the cytotoxicity, signaling and programed 
cell death pathways, for deciphering the specific intracellular 
mechanism of (20) are required for future in vivo applica-
tions. Nonetheless, in vivo systems have been identified that 
can rupture (20) intracellularly, opening up new application 
potential for these types of dendrimers beyond the thiol 
oxidation caused in the cell, generating ROS, oxidative stress 
and cell death, Figure 3d. It should be emphasized that 
fragmentation strategy of the dendrimers is benign under 
biological conditions and may be an alternative avenue 
mode-of-action for precision polymers in the presence of 
cancerous cells. 

CONCLUSIONS 

A new family of polyester dendrimers with internally queued 
disulfide groups has successfully been synthesized and their 
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peripheral functionality manipulated to display highly de-
sired reactive groups. These unique dendrimers exhibited a 
dual function as a consequence of their disassembly capabil-
ity in a reductive environment. To one end, the dendrimers 
act as macromolecular scaffolds that fully collapses within 15 
minutes upon exposure to the reducing reagent DTT into a 
novel set of thiol-functional building blocks suited for mate-
rials science. Further to this, the physiological environment 
with enzymatic redox systems, such as GSH-Grx and Trx 
present in all living cells, enabled selective rupturing of the 
dendrimers. Initial promising results detailed dendrimer 
collapse in short time periods, at relevant concentrations, 
and in the presence of human lung carcinoma A549 cells. 
Due to the intracellular disassembly of the dendrimers a 
cytotoxic amount of ROS was produced. To the authors’ best 
knowledge, this is the first report of a dendrimer family with 
rupturing dual-capacity suited for both materials sciences as 
well as for nanomedicine.  

ASSOCIATED CONTENT  

Supporting Information 

Experimental details, structure and synthetic procedure of 
small molecules and dendritic polymers, fragmentation con-
ditions. Analytical data including 

1
H, 

13
C-NMR, SEC traces, 

MALDI-TOF-MS analysis and optimization, analysis of frag-
ments. (PDF) 
The Supporting Information is available free of charge on the 
ACS Publications website. 

AUTHOR INFORMATION 

Corresponding Author 

Prof. Michael Malkoch  
Royal Institute of Technology, School of Chemical Science 
and Engineering, Fibre and Polymer Technology, 
Teknikringen 56-58, SE-100 44 Stockholm, Sweden 
E-mail: malkoch@kth.se. 

 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  

The authors acknowledge Knut och Alice Wallenberg Foun-
dation (KAW) (Grant number: 2012-0196), Seventh Frame-
work Programme (Grant number: 60418) for financial sup-
port, Vetenskapsrådet and Swedish Research Council (VR) 
for financial support. 
 

REFERENCES 

1. Carlmark, A.; Malmstrom, E.; Malkoch, M., Chem 
Soc Rev, 2013, 42, 5858-5879 
2. Walter, M. V.; Malkoch, M., Chem Soc Rev, 2012, 41, 
4593-4609 
3. Carlmark, A.; Malmstrom, E.; Malkoch, M., Chem 
Soc Rev, 2013, 42, 5858--5879 
4. Gillies, E. R.; Frechet, J. M. J., Drug Discov Today, 
2005, 10, 35-43 
5. Lee, C. C.; MacKay, J. A.; Frechet, J. M. J.; Szoka, F. 
C., Nat Biotechnol, 2005, 23, 1517-1526 

6. Hawker, C. J.; Wooley, K. L., Science, 2005, 309, 
1200-1205 
7. Killops, K. L.; Campos, L. M.; Hawker, C. J., J Am 
Chem Soc, 2008, 130, 5062- 5064 
8. Carlmark, A.; Hawker, C. J.; Hult, A.; Malkoch, M., 
Chem Soc Rev, 2009, 38, 352-362 
9. Lee, C. C.; Gillies, E. R.; Fox, M. E.; Guillaudeu, S. J.; 
Frechet, J. M. J.; Dy, E. E.; Szoka, F. C., P Natl Acad Sci USA, 
2006, 103, 16649-16654 
10. Ambade, A. V.; Savariar, E. N.; Thayumanavan, S., 
Mol Pharmaceut, 2005, 2, 264-272 
11. Marenco, A.; Thouret, V.; Nedelec, P.; Smit, H.; 
Helten, M.; Kley, D.; Karcher, F.; Simon, P.; Law, K.; Pyle, J.; 
Poschmann, G.; Von Wrede, R.; Hume, C.; Cook, T., J 
Geophys Res-Atmos, 1998, 103, 25631-25642 
12. Hed, Y.; Oberg, K.; Berg, S.; Nordberg, A.; von 
Holst, H.; Malkoch, M., J Mater Chem B, 2013, 1, 6015-6019 
13. Kang, T.; Amir, R. J.; Khan, A.; Ohshimizu, K.; Hunt, 
J. N.; Sivanandan, K.; Montanez, M. I.; Malkoch, M.; Ueda, 
M.; Hawker, C. J., Chem Commun, 2010, 46, 1556-1558 
14. Gillies, E. R.; Jonsson, T. B.; Frechet, J. M. J., J Am 
Chem Soc, 2004, 126, 11936-11943 
15. Grayson, S. M.; Frechet, J. M. J., Org Lett, 2002, 4, 
3171-3174 
16. Yesilyurt, V.; Ramireddy, R.; Thayumanavan, S., 
Angew Chem Int Edit, 2011, 50, 3038-3042 
17. Szalai, M. L.; McGrath, D. V., Tetrahedron, 2004, 
60, 7261-7266 
18. Nazemi, A.; Schon, T. B.; Gillies, E. R., Org Lett, 
2013, 15, 1830-1833 
19. Castonguay, A.; Wilson, E.; Al-Hajaj, N.; Petitjean, 
L.; Paoletti, J.; Maysinger, D.; Kakkar, A., Chem Commun, 
2011, 47, 12146-12148 
20. Ong, W.; McCarley, R. L., Macromolecules, 2006, 
39, 7295-7301 
21. Ong, W.; McCarley, R. L., Chem Commun, 2005, 0, 
4699-4701 
22. Neus, F. T.; Walter, M. V.; Montanez, M. I.; 
Kunzmann, A.; Hult, A.; Nystrom, A.; Malkoch, M.; Fadeel, 
B., Toxicol Lett, 2012, 211, S203-S204 
23. Arner, E. S. J.; Holmgren, A., Eur J Biochem, 2000, 
267, 6102-6109 
24. Nakamura, H.; Nakamura, K.; Yodoi, J., Annu Rev 
Immunol, 1997, 15, 351-369 
25. Nordberg, J.; Arner, E. S. J., Free Radical Bio Med, 
2001, 31, 1287-1312 
26. Damdimopoulou, P. E.; Miranda-Vizuete, A.; Arner, 
E. S. J.; Gustafsson, J. A.; Damdimopoulos, A. E., Bba-Mol Cell 
Res, 2009, 1793, 1588-1596 
27. Podgorski, M.; Becka, E.; Claudino, M.; Flores, A.; 
Shah, P. K.; Stansbury, J. W.; Bowman, C. N., Dent Mater, 
2015, 31, 1255-1262 
28. Mongkhontreerat, S.; Andren, O. C. J.; Boujemaoui, 
A.; Malkoch, M., J Polym Sci Pol Chem, 2015, 53, 2431-2439 
29. Newkome, G. R.; Yao, Z. Q.; Baker, G. R.; Gupta, V. 
K., J Org Chem, 1985, 50, 2003-2004 
30. Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; 
Kallos, G.; Martin, S.; Roeck, J.; Ryder, J.; Smith, P., Polym J, 
1985, 17, 117-132 
31. Buhleier, E.; Wehner, W.; Vogtle, F., Synthesis-
Stuttgart, 1978, 155-158 
32. Hoyle, C. E.; Bowman, C. N., Angew Chem Int Edit, 
2010, 49, 1540-1573 

Page 6 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

33. Binder, W. H.; Sachsenhofer, R., Macromol Rapid 
Comm, 2007, 28, 15-54 
34. Kolb, H. C.; Finn, M. G.; Sharpless, K. B., Angew 
Chem Int Edit, 2001, 40, 2004–2021 
35. Wittig, G.; Krebs, A., Chem Ber, 1961, 94, 3260-3275 
36. Agard, N. J.; Prescher, J. A.; Bertozzi, C. R., J Am 
Chem Soc, 2004, 126, 15046-15047 
37. Lallana, E.; Fernandez-Megia, E.; Riguera, R., J Am 
Chem Soc, 2009, 131, 5748–5750 
38. Wang, J. R.; Sun, X. R.; Mao, W. W.; Sun, W. L.; 
Tang, J. B.; Sui, M. H.; Shen, Y. Q.; Gu, Z. W., Adv Mater, 
2013, 25, 3670-3676 
39. Ye, M.; Han, Y.; Tang, J.; Piao, Y.; Liu, X.; Zhou, Z.; 
Gao, J.; Rao, J.; Shen, Y., Adv Mater, 2017, 29, 1702342 
40. Sies, H.; Degroot, H., Toxicol Lett, 1992, 64-5, 547-
551 
41. Tapeinos, C.; Pandit, A., Adv Mater, 2016, 28, 5553-
5585 
42. Trachootham, D.; Alexandre, J.; Huang, P., Nat Rev 
Drug Discov, 2009, 8, 579-591 
43. Takahashi, A.; Ohtani, N.; Yamakoshi, K.; Iida, S.-i.; 
Tahara, H.; Nakayama, K.; Nakayama, K. I.; Ide, T.; Saya, H.; 
Hara, E., Nat Cell Biol, 2006, 8, 1291-1297 
44. Ramsey, M. R.; Sharpless, N. E., Nat Cell Biol, 2006, 
8, 1213-1215 

45. Sharpless, N. E.; Sherr, C. J., Nat Rev Cancer, 2015, 
15, 397-408 
46. Kuilman, T.; Michaloglou, C.; Mooi, W. J.; Peeper, 
D. S., Gene Dev, 2010, 24, 2463-2479 
47. Cairns, R. A.; Harris, I. S.; Mak, T. W., Nat Rev 
Cancer, 2011, 11, 85-95 
48. Maeda, H.; Bharate, G. Y.; Daruwalla, J., Eur J 
Pharm Biopharm, 2009, 71, 409-419 
49. Maeda, H.; Kimura, M.; Sasaki, I.; Hirose, Y.; Konno, 
T. Poly(Ethylene Glycol) Chemistry; Springer US: New York, 
1992 
50. Choi, H. S.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, 
J. P.; Ipe, B. I.; Bawendi, M. G.; Frangioni, J. V., Nat 
Biotechnol, 2007, 25, 1165-1170 
51. Alexis, F.; Pridgen, E.; Molnar, L. K.; Farokhzad, O. 
C., Mol Pharmaceut, 2008, 5, 505-515 
52. Matsumura, Y.; Maeda, H., Cancer Res, 1986, 46, 
6387-6392 
53. Takahashi, A.; Ohtani, N.; Yamakoshi, K.; Iida, S. I.; 
Tahara, H.; Nakayama, K.; Nakayama, K. I.; Ide, T.; Saya, H.; 
Hara, E., Nat Cell Biol, 2006, 8, 1291-1297 

 

 

Page 7 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

8  

  

 

“For Table of Contents Only” 

 

Page 8 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


