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ABSTRACT 

This study evaluated the supramolecular properties of a new family of water-soluble 

hyperbranched polytriazoles that have a unimolecular micelle structure. Two new, structurally 

related hyperbranched polymers (HBPa and HBPn), with the same size (Dh = 11 nm) and core-

shell architecture, were prepared and found to act as nanoscale hosts for a broad spectrum of 

molecular guests. The globular-shaped hyperbranched polymers were synthesized by a 

straightforward one-pot polymerization method that permits easy synthetic control of the multiple 

functional groups within the core. Surrounding the core is a shell of polyethylene glycol chains 

that promotes solubility in pH 7.4 buffer solution and inhibits self-aggregation of the nanoparticles. 
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The core of HBPa, containing a mixture of anionic carboxylate groups and 1,2,3-triazole rings, 

could be loaded with cationic hydrophilic (i.e., propidium iodide) or partially hydrophobic (i.e., 

Hoechst 33342) dyes or drugs, including a binary dye/drug pair (i.e., indocyanine 

green/mitoxantrone). The core of HBPn, containing a mixture of uncharged 2-pentanone chains 

and 1,2,3-triazole rings, could be loaded with uncharged and very hydrophobic dyes (i.e., Nile 

Red) or drugs. Improved aqueous solubility of camptothecin was achieved ten-fold from 8.4 ng/mL 

to 75 ng/mL. Additionally, cell toxicity studies showed that HBPn was able to release the 

camptothecin drug inside A549 cancer cells resulting in increased cell death. Taken together, the 

results suggest that this new family of water-soluble hyperbranched polytriazoles could be broadly 

useful as nanocarriers for various applications in therapy, imaging, or a combination of the two 

(theranostics). 

 

INTRODUCTION 

There is a need for biocompatible nanoparticles that can be loaded with guest molecules, such 

as drugs or fluorescent dyes, and used for applications in biomedicine or nanotechnology.1 In 

terms of pharmaceutical science, a biocompatible nanoparticle can improve pharmaceutical 

efficacy in many ways, including: protecting a pharmaceutical from degradation, promoting mass 

transport through delivery barriers, and increasing the pharmaceutical residence lifetime at the 

site of disease.2 Similarly, nanoparticle loading of fluorescent dyes is known to enhance 

photophysical properties such as fluorescence brightness and dye photostability which enhances 

biological imaging performance.3 Nanoparticles with the capacity to simultaneously host more 

than one type of guest structure, such as two different drug molecules, or a fluorescent dye and 

a drug, have promise as sophisticated multicomponent nanocarriers for therapy, imaging, or a 

combination of the two (theranostics). A particularly attractive attribute of nanoparticles is their 
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capability to accumulate within solid tumors, a phenomenon that has been attributed to the 

enhanced permeation and retention (EPR) effect.4 5  

Perhaps the best known biocompatible nanoparticles are self-assembled colloids, such as 

micelles and liposomes (100-1000 nm diameter), that have the capacity to hold many copies of a 

molecular payload.6 While self-assembled colloids have many attractive properties, it is hard to 

fine-tune the payload release kinetics.7 For example, many self-assembled polymeric micelles 

undergo undesired breakdown shortly after injection into the bloodstream which can cause a burst 

of released  molecular cargo.8 This lowers the fraction of payload reaching the target and 

increases the amount of off-target toxicity.9 One way to prevent this type of colloid disassembly is 

to covalently crosslink the self-assembled components and create a unimolecular micelle - a 

multistep synthetic process that can be effective but whose molecular dispersity can sometimes 

be hard to reproduce due to the inherently heterogeneous structures.10 11 12 13 14 15 Another way to 

make a unimolecular micelle is to synthesize a multi-generation dendrimer that either has internal 

pores large enough to accommodate guest molecules,16 17 or alternatively has an exterior surface 

that can associate with a macromolecular target.18 19 20 21 22 Although the perfect, branched 

structures of dendrimers are aesthetically appealing, they require an iterative series of synthetic 

steps23 which makes the production process slow and resource intensive.  

The drawbacks with dendrimers have led researchers to consider hyperbranched polymers as 

more practical alternatives.24 Hyperbranched polymers have many favorable attributes as 

potential unimolecular micelles and the capability to make them in a facile one-step polymerization 

process is extremely attractive. 25 26 However, the translation of hyperbranched polymer 

nanoparticles for biomedicine is currently limited by the poorly defined hyperbranched 

architectures produced by traditional synthesis methods which cannot effectively separate 

selective polymer-monomer reactions from random monomer-monomer reactions. To date, only 

a small number of hyperbranched polymers have been partially examined as supramolecular 
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hosts for molecular payload.27 Examples include hyperbranched polyglycerols, polyesters and 

polyphosphates.28 In each case, the core of the hyperbranched polymer is comprised of only one 

type of functional group29 and most often the polymer is used to solubilize hydrophobic drugs in 

water.30 A notable limitation with most methods to synthesize hyperbranched polymers is inability 

to prepare a low-dispersity core composed of a pre-determined mixture of functional groups. 

Recently, one of our team members (Gao) reported a new and versatile polymerization method 

that produces well-defined hyperbranched polymer structures with globular shape (proven by 

TEM).25 31 The synthetic method is a simple one-pot procedure that employs two sequential Cu-

catalyzed azide-alkyne cycloaddition (CuAAC) reactions to first create a hyperbranched 

polyester-based core and then a poly(ethylene glycol) PEG shell containing a number-average 

degree of polymerization of 7.5 (Scheme 1). 25 32 33 34 35 The shell of PEG chains promotes solubility 

in aqueous solution and inhibits self-aggregation of the nanocarriers. The synthetic reactions are 

straightforward to conduct and there is broad tunability of the polymer size and type of functional 

groups within the core-shell architecture. This latter attribute has been exploited by incorporating 

reactive functional groups within the polymer core that permit subsequent covalent attachment of 

additional molecular components using click chemistry.31 While these covalent conjugates have 

many different uses, there are several applications such as payload delivery or sequestration that 

are more easily achieved by non-covalent association processes with inherently lower activation 

energies.  

  

Scheme 1.  Synthetic route for hyperbranched polytriazole nanoparticles with a poly(AB2-F) core 

containing multiple functional groups 
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Herein, we disclose the first systematic evaluation of the supramolecular properties of this new 

hyperbranched polytriazole system. Described below are a series of non-covalent association 

studies in water that examine two closely related polytriazoles with core-shell architecture. The 

first hyperbranched polymer is HBPa whose core is based on the monomer AB2-F1 with a 

protected carboxylic acid group that is removed after polymerization. Thus, the core of HBPa 

contains a mixture of anionic carboxylate groups and 1,2,3-triazole rings. The second 

hyperbranched polymer is HBPn whose core is based on the stable monomer AB2-F2 and thus 

contains a mixture of uncharged 2-pentanone chains and 1,2,3-triazole rings of weak polarity and 

high lipophilicity. We assess and compare the capabilities of these two novel hyperbranched 

polymers to associate non-covalently in pH 7.4 buffer solution with three structurally different 

classes of molecular guests: very hydrophilic cationic fluorescent probes, partially hydrophobic 

dyes or drugs, and extremely hydrophobic dyes or drugs (Scheme 2). The results demonstrate 

the supramolecular versatility of this new hyperbranched polytriazole system as a unimolecular 

micelle platform with broad potential use in various biomedical and nanotechnology applications. 

 



 

 

6 

Scheme 2.  Molecular guests evaluated for association with the core of hyperbranched 

polytriazoles in buffer, pH 7.4. 

 

 

EXPERIMENTAL SECTION 

Materials. All chemicals used were reagent grade. Indocyanine green (ICG), 2-[4-(2-

Hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) were obtained from Sigma-Aldrich. The 

following dyes were purchased from Invitrogen: Nile Red (NR), Propidium Iodide (PI), and 

Hoechst 33342 trihydrochloride (H33342). (S)-(+)-Camptothecin (CPT) was obtained from Tokyo 

Chemical Industry (TCI) and Mitoxantrone (MXT) was purchased from Cayman Chemical 
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Company (USA) and stored in a freezer at −20 °C. Ascorbic acid (Alfa Aesar, ≥ 99%), copper(II) 

sulfate pentahydrate (CuSO4·5H2O, BDH, ACS grade), N,N-dimethylformamide (DMF, Sigma-

Aldrich , ≥ 99.8%), 2,2’-bipyridyl (bpy, Sigma-Aldrich, ≥ 99%), ethyl ether (EMD Millipore,  ≥ 99%), 

succinic anhydride (TCI America, ≥ 99% ), 4-hydroxy-2-butanone (Alfa Aesar, 95%), 5-hydroxy-

2-pentanone (TCI America, ≥ 96%). The monomers AB2-F1, AB2-F2, and alkynyl-terminated O-

methyl poly(ethylene glycol) with number-average degree of polymerization = 7.5 (alkyne-

PEG7.5)36, as well as the central tri-azido core molecule B3 (tris((1-(3-azidopropyl)-1H-1,2,3-triazol-

4-yl)methyl)amine) were synthesized according to previous literature.31 32   

Synthesis of hyperbranched polymers. The first step in the one-pot polymerization employed 

a small amount of tri-azido core molecule B3 to initiate the chain-growth polymerization of AB2-F 

monomer (AB2-F1 or AB2-F2). The molar ratio of reactants was [AB2-F]0:[CuSO4.5H2O]0:[ascorbic 

acid]0:[B3]0 = 350: 10: 40 :1. To achieve this molar ratio, AB2-F monomer (1.37 mmol), B3 (2 mg, 

3.9 µmol), CuSO4·5H2O (9.8 mg, 39.3 µmol) and 2.75 mL DMF were first charged in a 10-mL 

Schlenk flask with a magnetic stirring bar. The flask was degassed by three freeze-pump-thaw 

cycles. At the last cycle, the flask was opened when everything was frozen to quickly add ascorbic 

acid (27.7 mg, 0.157mmol) into the flask before re-capping. The flask was vacuumed and 

backfilled with N2 for 3 cycles before immersed in a thermostatic oil bath at 45 °C to thaw the 

mixture solution and initiate the polymerization.31 After one hour, the conversion of AB2-F 

monomer reached >95%, determined by 1H NMR spectroscopy, and 1.5 molar equivalents of 

alkyne-PEG7.5 (step 2 of the one-pot sequence) was added under N2 gas and stirred overnight. 

The polymerization was stopped by diluting with 5 mL dichloromethane (DCM) and adding four 

equivalents of bpy ligand to sequester the copper catalyst, then passing through a flash neutral 

alumina column.31 After three precipitation cycles using diethyl ether, the pure HBPn was 

obtained (yield: 69%). Production of HBPa followed the same polymerization sequence with a 

deprotection step (step 3) to remove the carboxylate protecting group. The purified protected form 



 

 

8 

of HBP (800 mg, 0.83 mmol) from polymerization of AB2-F1 was dissolved in DCM and treated 

with triethylamine (DCM/TEA=4:1, v/v, 5mL), followed by stirring overnight. DCM was added to 

the reaction solution, which was washed three times each with 1 M HCl solution and brine solution. 

Rotary evaporation of the dried organic phase provided pure HBPa (Scheme 1). Inductively 

coupled plasma-optical emission spectrometry (ICP-OES) characterization of the samples 

confirmed that Cu residue amount was about ~10 ppm. 

Characterization of hyperbranched polymers. The hydrodynamic diameter (Dh) of polymers 

was determined in aqueous solution by dynamic light scattering (DLS, Zetasizer Nano ZS).  The 

apparent number-average molecular weight (Mn) and polydispersity (Mw/Mn) were determined by 

size exclusion chromatography (SEC) with DMF as the mobile phase based on linear poly(methyl 

methacrylate) (PMMA) standards, which was equipped with a Waters 515 HPLC pump, Polymer 

Standards Services (PSS) columns (GRAM, 104, 103, and 102 Å) at 55 °C with DMF flow rate = 

1.00 mL min-1, a Waters 2414 RI detector. Proton nuclear magnetic resonance (1H NMR) 

spectroscopy was acquired on a Bruker 500 MHz spectrometer at 25 °C using CDCl3 or DMSO-

d6 as solvent. FT-IR was conducted using a Thermo Nicolet IR 200 spectrometer equipped with 

a deuterated triglycine sulfate (DTGS) detector, mid-IR source (4000–400 cm-1) and Ge on KBr 

beam splitter. 

Non-covalent loading studies. Aqueous loading of hydrophilic dyes or drugs: The 

hyperbranched polytriazole (HBPa or HBPn) and hydrophilic molecular guest were simply mixed 

at appropriate molar ratios in aqueous buffer. Organic loading of hydrophobic dyes or drugs. A 

tetrahydrofuran (THF) solution containing hyperbranched polytriazole (HBPa or HBPn) and 

hydrophobic molecular guest were evaporated using a rotary evaporator and the residual film 

dried overnight under high vacuum line to ensure complete removal of the solvent. The film was 

reconstituted in aqueous buffer and any undissolved solid was removed by centrifugation. The 

extreme insolubility of CPT allows this simple method to eliminate CPT not bound within a 
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nanocontainer. Guest solubilization in water due to loading within the polymer core was confirmed 

by absorption and fluorescence spectroscopy. 

Supramolecular studies. Fluorescence titrations. All measurements were made in triplicate. 

A solution of 2 µM guest in 20 mM HEPES buffer solution (pH 7.4) was placed in a 1 mL quartz 

cuvette and titrated with aliquots from a hyperbranched polymer stock solution (0.8 mM HBPa, 

Mn 65,900). A fluorescence scan was obtained after each addition of polymer and fluorescence 

measurements at a single point were plotted to produce an isotherm that was fitted to a 1:1 binding 

model using the algorithm described in the Supporting Information. Also provided in the 

Supporting Information are algorithms used for measurement of fluorescence polarization, FRET 

(Förster Resonance Energy Transfer) efficiency, and the determination of CPT solubilization and 

polymer loading efficiency. 

Cell studies. Sample preparation. Stock solutions of polymer (HBPa or HBPn) were prepared 

at 0.8 mM concentrations in HEPES buffer (pH 7.4). Solutions were then filtered using a 0.1 µm 

filter prior to conducting experiments to remove any dust or undesired large aggregates. 

Cytotoxicity studies. To 96-well plates, CHO-K1 cells were seeded at a density of 3000 

cells/well.  Cells were treated with varied concentrations of sample a day later followed by a 24-

hour incubation period. After treatment cells were subjected to an MTT assay using standard 

protocols. Absorbance readings were measured at 570 nm.  

General microscopy methods. CHO-K1 cells were grown to 80% confluency on 8-well 

chambered cover glass slides. Separate samples containing an equal number of cells were 

incubated with 100 µL of HBPn alone (0.5 mg/mL), CPT alone (4.2 ng/mL), or a formulation of 

HBPn•CPT (0.5 mg/mL, 37.5 ng/mL) diluted in F12K media for 3 hours at 37 oC. The cells were 

washed three times with PBS containing Ca2+ and Mg2+ followed by fixation with cold 4% 

paraformaldehyde for 20 minutes at room temperature. The cells were washed again and imaged 

under fresh PBS using a GE Healthcare DeltaVision Deconvolution fluorescence microscope 
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equipped with an X-cite 120 fluorescence illumination system. Images were collected in softWoRx 

using a CoolSNAP_HQ2 camera operating in CCD mode with a 1 MHz readout speed. A DAPI 

filter set (Ex: 360/40 nm, Em: 457/50 nm) was used with 5 second acquisition times. Images were 

processed using ImageJ software and scaled to the highest intensity image in the set. 

 

RESULTS AND DISCUSSION 

Polymer synthesis and characterization. As illustrated in Scheme 1, the hyperbranched 

polymer synthesis employed a one-pot, two-step sequence of CuAAC reactions that first induced 

chain-growth polymerization of an AB2-F monomer (AB2-F1 or AB2-F2) in DMF to construct a 

hyperbranched polytriazole core (Step 1), and then attachment of alkyne-PEG7.5 chains to 

introduce a PEG shell (Step 2).31 The molar ratio of reactants in step 1 was [AB2-

F]0:[CuSO4.5H2O]0:[ascorbic acid]0:[B3]0 = 350: 10: 40 :1 in DMF at 45 oC. After the polymerization 

reaction was > 95% complete (determined by 1H NMR spectroscopy), an aliquot containing 1.5 

molar equivalents of alkyne-PEG7.5 was added to the same pot and the reaction monitored by 

FT-IR until >95% of the azide groups were observed to be consumed (Figure S1). To produce 

HBPa, trimethylamine was used as a weak base to promote a clean β-elimination reaction that 

removed the carboxylate protecting group within the F1 structure (Step 3), a chemical process 

that was easily monitored by 1H NMR spectroscopy (Figure S2).37 SEC characterization of HBPa 

revealed a structurally defined hyperbranched polymer with apparent number-average molecular 

weight Mn = 65,900 and polydispersity Mw/Mn = 1.05, (Figure 1a). DLS measurements showed 

that the hydrodynamic diameter was about Dh = 10.7 nm in deionized water and the nanoparticle 

size did not change with time at neutral or acidic pH (Figure 1c). Samples of HBPn, prepared by 

the same one-pot two-step procedure were found to be structurally very similar with Mn = 73,700, 

polydispersity of Mw/Mn = 1.05, and hydrodynamic diameter about Dh = 11 nm in deionized water 

(Figures 1a-b). Thus, the synthetic chemistry produced the two analogous water-soluble 
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hyperbranched nanoscale polymers HBPa and HBPn with virtually the same particle size and 

polydispersity. The only difference is identity of the functional groups within the core of the 

polymeric nanoparticles; with HBPa, it is a mixture of anionic carboxylate groups and 1,2,3-

triazole rings, and with HBPn it is a mixture of uncharged 2-pentanone chains and 1,2,3-triazole 

rings. These two polymer nanoparticles were subsequently tested for capability to associate non-

covalently with the molecular guests shown in Scheme 2. 

 

Figure 1. (a) Representative SEC traces of purified polymers in DMF. (b) DLS measurements of 

purified polymers (2 mg/mL) in deionized water at 25 ºC. (c) Change in hydrodynamic diameter 

over time. 

 

Loading of hyperbranched polymer with hydrophilic cationic guests. The first goal of the 

guest association studies was to determine if HBPa, the hyperbranched polymer with an anionic 

carboxylate-containing core, could be loaded with water-soluble fluorescent probes that are 

known to have carboxylate affinity. We used PSVue380 and ZnDPA-USQ, two zinc-based 

fluorescent probes that exhibit enhanced fluorescence when they associate with polyoxyanions.38 

39 Shown in Figure 2 are the changes in probe fluorescence for separate samples after addition 

of the two polymers. The same fluorescence effect was observed with both probes; that is, 

negligible change in fluorescence when HBPn was added to the probes, but a large increase in 

probe fluorescence after addition of HBPa (Figure 2; Figure S3). The increase in fluorescence 
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enabled titration studies that measured probe affinity for HBPa. Interestingly, the titration 

isotherms (Figure S4) fitted nicely to a 1:1 (probe:HBPa) binding model and Ka values of 2.1 x 

106 M-1 and 1.1 x 106 M-1 were determined for PSVue380 and ZnDPA-USQ, respectively (Figure 

S4). These Ka values are larger than literature values for polycarboxylate binding in water by 

similar ZnDPA probes,40 and suggest that the core of HBPa contains;  (a) a high local 

concentration of carboxylate groups, and (b) a probe binding site whose microenvironment is less 

polar than bulk water (see below for supporting data) and thus enhances electrostatic attraction. 

Two control experiments produced results that were consistent with a binding model dominated 

by electrostatic interactions; (a) affinity of PSVue380 and ZnDPA-USQ probes for HBPa was lost 

when the Zn2+ cations within the probe structures were sequestered by adding the Zn2+-chelator 

ethylenediaminetetraacetic acid (EDTA, Figure S5), (b) there was no evidence of polymer/dye 

association (i.e., no change in dye fluorescence) when HBPa or HBPn was added to separate 

solutions of the anionic fluorescent dyes USQ (Figure S6) or calcein (Figure S7). We conclude 

that strong electrostatic interactions drive association of the cationic zinc-based fluorescent 

probes, PSVue380 and ZnDPA-USQ, with the anionic core of HBPa.41 In contrast, the two 

hydrophilic zinc-based cationic fluorescent probes have no apparent affinity for the uncharged 

lipophilic core of HBPn. 
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Figure 2. Fluorescence emission spectra of 2 µM (a) PSVue 380 and (b) ZnDPA-USQ in the 

absence or presence of excess HBPa or HBPn in 10 mM HEPES buffer solution (pH 7.4). 

 

Loading of hyperbranched polymer with partially hydrophobic cationic guests. In addition 

to carboxylate groups, the core of HBPa also contains 1,2,3-triazole rings that can potentially 

stack against guest molecules that have aromatic surfaces and provide stabilizing intermolecular 

interactions.42 43 Thus, we hypothesized that organic guest structures containing a combination of 

positive charge and partially hydrophobic aromatic surfaces would have good affinity for the core 

of HBPa. 

To test this proposal, we determined if the core of the hyperbranched polymers could be loaded 

with the planar cationic dyes PI (propidium iodide) and H33342 (Hoechst 33342). Both 

compounds are fluorescent dyes known to exhibit enhanced emission when they form intercalated 

complexes with double-stranded DNA.44 45 Shown in Figure 3 are the absorption and emission 
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spectra for separate solutions of PI before and after addition of the two hyperbranched polymers. 

Addition of HBPn produced no changes in the PI spectra, but addition of HBPa induced a red-

shift in absorbance and a doubling of the probe’s red fluorescence that was easily visible to the 

naked eye. As above, fluorescence titration experiments produced a titration isotherm (Figure S8) 

that matched a 1:1 binding model with an apparent Ka of 2.7 x 106 M-1 for association of PI and 

HBPa (Figure S8). The structure of PI has a permanent positive charge of +2, suggesting that 

electrostatic interactions are a major factor favoring affinity of PI for the anionic core of HBPa. 

Evidence for this conclusion was gained by a titration experiment that incrementally added Ca2+ 

to a mixture of PI + HBPa and found that the Ca2+ ions immediately displaced the PI from the 

hyperbranched polymer into the bulk water (Figures 4; Figure S9). This is an important result for 

two reasons. First, it shows that a molecular guest can be released from the core of the 

hyperbranched polymer nanocarrier. Moreover, the rapid Ca2+ triggered release of the PI indicates 

that the loaded PI is not buried deep inside the core of HBPa but rather it is held in shallow cavities 

that can be readily accessed by the added Ca2+. 

An analogous set of absorption and fluorescence experiments was conducted with H33342, a 

basic dye molecule whose protonation state depends on the pH of microenvironment.46 47 48 

Previous work has shown that DNA intercalation by H33342 is driven primarily by hydrophobic 

effects.48 As shown in Figure 3, addition of HBPn to a solution of H33342 produced a red shift in 

absorption and enhanced fluorescence emission, with an even larger optical change produced by 

addition of HBPa. A fluorescence titration experiment that added aliquots of HBPa to a solution 

of H33342 measured an apparent Ka of 1.2 x 105 M-1 (Figure S8), and a solution containing the 

complex of H33342 + HBPa was found to be stable upon storage at 4 ºC (Figure S10). 

Competitive titration experiments that added Ca2+ ions to a binary mixture of H33342 + HBPa 

produced no changes in H33342 spectra (Figure S11) indicating no ejection of the H33342 from 

the polymer core. Together, these results suggest that hydrophobic stacking with the triazoles is 
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the primary factor controlling the polymer loading and release of H33342,42 43 with stabilizing 

electrostatic interactions having an important but secondary role.49  

A summary of measured association constants for binding of fluorescent cationic molecular 

guests by HPBa is provided in Table 1. Although the values of Ka only differ by a factor of twenty, 

it is important to realize that there is a major change in the supramolecular interactions that 

determine the extent of guest association with the core of HPBa that contains both anionic 

carboxylate groups and triazole rings. Favorable electrostatics drives the loading of hydrophilic 

cationic guests (PSVue380, ZnDPA-USQ, and PI), whereas, hydrophobic stacking with the 

triazole rings in the polymer core is the main factor for association of H33342. While there is no 

doubt that the guests associate with the core of the hyperbranched polymers, the precise location 

of the binding sites within the core is less clear. The rapid guest association kinetics observed 

throughout the study suggests that the bound guests likely reside in cavities near the core-shell 

interface as shown in Scheme 1. One of the future research goals is to increase the internal 

porosity of the poly(AB2-F) core by revising the polymer synthesis to include AB2-F monomers 

that have long rigid spacers between the A and B2 groups.  
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Figure 3. (a,d) Absorbance and (b,e) fluorescence emission spectra of 2 µM PI (propidium iodide) 

or H33342 (Hoechst 33342) and the absence or presence of excess (24 µM) HBPa or HBPn in 

10 mM HEPES buffer solution, pH 7.4 (λex PI = 496 nm, λex H33342 = 350 nm; slits 5 nm). (c,f) 

Photographs of cuvettes, illuminated under hand-held long-wave UV lamp, containing PI (c) or 

H33342 (f) before (left) and after (right) addition of HBPa. 
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Figure 4. (a) Schematic representation of Ca2+ displacement of PI from the core of HBPa. (b) 

Fluorescence titration isotherm (λex = 496 nm, λem = 631 nm) indicating displacement of PI from 

HBPa upon incremental addition of aliquots of CaCl2, in 10 mM HEPES buffer at pH 7.4. The 

insert shows fluorescence emission spectra for free PI (2 µM) and a binary mixture of PI (2 µM) 

+ HBPa (24 µM) in the presence and absence of 12 mM Ca2+.  
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Table 1.  Association constants (Ka) for various dyes and HBPa in 10 mM HEPES buffer (pH 7.4) 

at 25 °C.  

 

 

 

Figure 5. (a) Absorbance spectra of MXT (mitoxantrone, 15 µM) before and after the addition of 

excess HBPa. Control experiment using HBPa showed no absorption (pink line) or fluorescence 

emission (data not shown). (b) Fluorescence polarization titration experiment (λex = 610, λem = 

683 nm) that incrementally added HBPa to a solution of MXT (15 µM). All in 10 mM HEPES buffer 

(pH 7.4). 
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In addition to the above binding studies using fluorescent dyes, we investigated 

hyperbranched polymer association at pH 7.4 with the cationic anthraquinone drug MXT 

(mitoxantrone) which is easily studied because it exhibits deep-red absorption and moderate 

fluorescence emission bands.50 We observed that addition of HBPa induced a red shift in the 

MXT absorption band and a distinct increase in its fluorescence polarization value (Figure 5), 

indicating association of MXT with the hyperbranched polymer. The change in spectral features 

induced by MXT binding was not large enough to accurately determine a binding constant or a 

binding stoichiometry. But an attractive property of MXT is its capacity to act as a FRET (Förster 

resonance energy transfer) energy donor when confined in close space near an energy acceptor 

that provides appropriate spectral overlap.51 52 We exploited this property by devising a FRET 

experiment to determine if the core of HBPa could be simultaneously loaded with two different 

guest structures in close proximity. As shown in Figure 6, we employed MXT as a FRET donor 

and the near-infrared fluorescent dye ICG (indocyanine green) as a FRET acceptor. Absorption 

and fluorescence spectra were acquired for solutions of HBPa mixed with MXT or ICG alone, and 

HBPa mixed with a 1:1 combination of MXT and ICG. The spectra in Figure S12 show that the 

presence of HBPa induces red shifts in the absorption and fluorescence bands of ICG alone or 

MXT alone, indicating guest association with the core of HBPa. The spectra in Figure 5a reflect 

efficient FRET when HBPa was mixed with a 1:1 combination of MXT and ICG.  There is a large 

decrease in fluorescence intensity for the MXT donor at 684 nm, and a corresponding increase in 

fluorescence intensity of the ICG acceptor at 813 nm. Quantitative analysis determined a FRET 

efficiency of 36.6% (see Supporting Information), strongly supporting the conclusion that the 

anionic core of HBPa can accommodate a binary complex of ICG:MXT that has a net charge of 

+1. Based on these results, there is little doubt that the core of HBPa could be loaded with a wide 

range of cationic anthraquinone drugs that are structurally similar to MXT such as doxorubicin 

and pixantrone,53 as well as suitable drug/dye pairs that can be used for studies of pharmaceutical 
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release kinetics or theranostic strategies that combine chemotherapy with a phototherapeutic 

effect.54 

 

Figure 6. FRET exhibited by MXT (energy donor at 684 nm) and ICG (energy acceptor at 813 

nm) when encapsulated within the core of HBPa. (a) Fluorescence emission spectra of MXT and 

ICG in the absence or presence of HBPa (λex = 580 nm; slits 5 nm). All in 10 mM HEPES buffer 

(pH 7.4). (b) Schematic representation of the FRET process enabled by the simultaneous loading 

of ICG and MXT within the core of HBPa.  

 

Hyperbranched polymer loading of extremely hydrophobic guests. The capability of the 

two hyperbranched polymers to act as water-soluble nanocarriers for insoluble dyes or drugs was 

assessed by conducting a series of aqueous solubilization studies. The first set of solubilization 

studies used NR (Nile Red), a solvatochromic dye with very low solubility in water.55 Attempts to 

directly solubilize a film of NR with an aqueous solution of hyperbranched polymer (aqueous 

loading) were not successful. Therefore, we employed an alternative method (organic loading) 

that evaporated a THF solution of the two components (NR and hyperbranched polymer) to create 

a thin film that was subsequently dispersed into a solution of HEPES buffer (pH 7.4). Spectral 

analysis of the dispersed solution clearly indicated solubilization of the NR by HBPn and HBPa 

(Figure 7) with moderately higher loading by the HPBn. Moreover, there was a distinct difference 



 

 

21 

in fluorescence emission wavelengths for the polymer-bound NR, reflecting a difference in polarity 

of the polymer cores. More specifically, the NR fluorescence emission wavelengths were 622 nm 

and 647 nm for NR within the cores of HBPn and HBPa, respectively. A comparison of NR 

emission wavelengths in different solvents (Figure S13) yields results that are consistent with 

structural model in Scheme 1. That is, the core of HBPa has a polarity that is close to methanol, 

whereas the core of HBPn is less polar and close to that of the aprotic organic solvent DMF.56 

This agrees with the general picture that the core of HBPa is significantly more polar than the 

core of HBPn.  

 

Figure 7. (a) Fluorescence emission spectra (λex = 520 nm) of 2 µM NR (Nile Red) in the presence 

of 40 µM HBPa or HBPn in 20 mM HEPES (pH 7.4) using different solubilization methods (aq. 

loading or organic loading). (b) Photographs of cuvettes, illuminated by a hand-held long-wave 
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UV lamp: (from left to right) NR + HBPa (aq. loading), NR + HBPa (org. loading), NR + HBPn 

(org. loading). 

 

A second set of solubilization studies examined camptothecin (CPT) a well-known 

topoisomerase I inhibitor that is used to treat many types of cancer including leukemia, liver, lung, 

and bladder cancers.57 The pharmaceutical limitations of CPT, such as very poor aqueous 

solubility, susceptibility to degradation, and severe systemic toxicity, have motivated many studies 

to develop improved formulations.58 We reasoned that CPT could be water-solubilized by HBPn 

using an organic loading method. Thus, a mixture of CPT and HBPn in THF was evaporated and 

the residual film dispersed into HEPES buffer solution, followed by several centrifugation cycles 

to remove any drug that was not solubilized. CPT is a fluorescent molecule and as shown by the 

absorption and fluorescence spectra in Figures 8a-b, the HBPn significantly increased the amount 

CPT in aqueous solution. Qualitatively, the fluorescence emitted by the additional CPT in solution 

could be readily visualized by simply illuminating the sample with a hand-held lamp (Figure 8c). 

Quantitative measurements found the drug loading efficiency to be 0.22% with a ten-fold 

improvement in aqueous solubility from 8.4 ng/mL,59 to 75 ng/mL (see Supporting Information).  

The next step was to determine if a formulation of HBPn•CPT enhanced delivery of CPT into 

cells and induced a higher toxic effect. The cell studies employed cultured Chinese hamster ovary 

(CHO-K1) cells as a convenient cell model. Cytotoxicity was measured using a standard MTT 

assay that treated separate samples of cells for 24 hours with HBPn alone, CPT alone, and a 

formulation of HBPn•CPT. As shown in Figure 8d, treatment with the formulation of HBPn•CPT 

reduced cell viability to about 30%, whereas treatment with molar equivalents of HBPn alone or 

CPT alone produced negligible cell toxicity. Additionally, cell toxicity of empty nanocarriers was 

further evaluated and showed no acute toxicity at varying concentrations (Figure S14). 

Fluorescence microscopy experiments provided evidence for increased cell uptake of CPT by 
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cells that were treated with the formulation of HBPn•CPT. The micrographs in Figure 8e are 

consistent with uptake of HBPn•CPT by endocytosis. The fact that the HBPn•CPT treatment is 

cytotoxic implies that a significant amount of CPT is able to escape the endosomes and also the 

confines of the HBPn nanocarriers to gain access to the intracellular topoisomerase enzymes. 

This is an important finding because drug release from the nanocarrier is a necessary attribute of 

any successful drug delivery vehicle.  

 

 

Figure 8. (a) Absorbance and (b) fluorescence emission spectra of CPT (camptothecin) in the 

absence or presence of HBPn in 20 mM HEPES buffer solution, pH 7.4 (λex CPT = 370 nm; slits 1 

nm). (c) Photographs of cuvettes, illuminated under hand-held long-wave UV lamp, containing 

CPT in the absence (left) and presence (right) of HBPn. (d) Cell viability of CHO-K1 cells after 

incubation for 24 hours with equal molar HBPn alone (0.5 mg/mL), CPT alone (4.2 ng/mL), or a 

formulation of HBPn•CPT (0.5 mg/mL, 37.5 ng/mL). (e) Fluorescence micrographs (DAPI filter 
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set: λex = 360/40 nm, λem = 457/50 nm) of CHO-K1 cells treated for 3 hours with CPT alone or a 

formulation of HBPn•CPT followed by fixation with 4% paraformaldehyde (scale bar = 21 µm). 

 

CONCLUSIONS AND FUTURE DIRECTIONS  

Supramolecular studies of globular hyperbranched polymers in water are quite rare,27 28 29 30 

which is surprising since unimolecular micelles have long been considered as potential 

nanocarriers. This study compared two closely related hyperbranched polytriazoles (HBPa and 

HBPn) with the same core-shell architecture, globular shape (hydrodynamic diameter Dh ~11 nm), 

molecular weight (Mn = 65,000-75,000), and surrounding hydrophilic shell of PEG chains. When 

viewed from an external perspective, the polymer nanoparticles are structurally reminiscent of 

average-size, water-soluble eukaryotic proteins. Both polymers were prepared by a 

straightforward one-pot polymerization method that permits synthetic control of the mixed 

functional groups within the core of the hyperbranched nanoparticles (Scheme 1). A battery of 

supramolecular studies in pH 7.4 buffer showed that the core of HBPa or HBPn can be loaded 

with a broad spectrum of molecular guests. The carboxylate groups within the core of HBPa 

induce a relatively polar microenvironment that favor electrostatic association with hydrophilic 

cationic molecular guests and even divalent cations such as Ca2+. In addition to the carboxylates, 

the core of HBPa contains 1,2,3-triazole rings which promote aromatic stacking, and permits 

reversible association of cationic but partially hydrophobic drugs and dyes. Thus, HBPa is a 

versatile unimolecular micelle that can be reversibly loaded with a wide range of cationic guest 

molecules with structures that vary from highly hydrophilic to partially hydrophobic molecules 

(Scheme 2). The ability to load different fluorescent dye and drug structures that have a wide 

range of emission wavelengths and photostabilities means that the biodistribution of the same 

hyperbranched polytriazole system can be imaged over vastly different length scales in different 

biological systems using modern fluorescence microscopy or in vivo imaging methods. Moreover, 
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the ability to load a binary fluorescent near-infrared drug/dye mixture as a FRET pair creates a 

powerful experimental platform for future imaging studies of guest release from HBPa inside cells 

or living subjects.60 In addition, polymer loaded drug/dye pairs have great promise as theranostic 

agents that combine fluorescence imaging, chemotherapy, and near-infrared phototherapy.54 In 

contrast to HBPa, the core of HBPn contains uncharged functional groups and a less polar 

microenvironment that favors loading of hydrophobic drugs or dyes. Notably, HBPn promotes 

water solubilization of extremely hydrophobic drugs such as CPT and subsequent delivery into 

cells. The empty HBPn is not toxic to cells but a CPT-loaded version is taken up by cell 

endocytosis (as proved by fluorescence imaging) leading to intracellular CPT release from the 

nanocarrier followed by inhibition of topoisomerase and enhanced chemotherapeutic efficacy. 

This result illustrates the theranostic capabilities of the hyperbranched polytriazole to deliver and 

release drugs inside cells and also permit simultaneous tracking of the process by fluorescence 

imaging.  

A major potential advantage of the core-shell architecture is the capability to fine-tune the size 

and structure for optimized biodistribution. In this regard, it is becoming increasingly apparent that 

the structural factors that affect the biodistribution and blood clearance of soft nanoparticles are 

multifarious and context specific.61 Recent studies with PEGylated nanoparticles have found 

systems with Dh close to 11 nm that can accumulate in tumors due to an apparent EPR effect 

and yet still be excreted by the renal pathway.5 This may be due in part to the inherent ability of 

soft materials to extravasate through constricted biological openings without structural 

disintegration.62 The core-shell  architecture of hyperbranched polytriazoles and modular 

synthetic  method  makes  it  easy  to  control  particle  size  and thickness of PEG shell. For 

instance, we have previously demonstrated that the change of monomer to core feed ratio from 

100 to 2700 could effectively tuned the hydrodynamic size of nanoparticles from 6.5 nm to 25 
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nm.25 Thus, there is wide structural scope to explore in order to achieve a desired biodistribution 

outcome. 

Because of the relatively small size (Dh ~11 nm) the loading capacity of these hyperbranched 

polytriazoles is low which is typical for unimolecular micelles.62 However, it should be possible to 

increase the guest loading capacity of these polymers by employing AB2-F monomers that have 

long rigid spacers between the A and B2 groups. This will lead to hyperbranched polymer with 

large internal pores that can accommodate many copies of molecular payload. Furthermore, it 

should be straightforward to further enhance the supramolecular performance by introducing 

prosthetic groups into the core using robust post-polymerization functionalization methods based 

on click chemistry.31 Taken together, the results suggest that this new family of hyperbranched 

polytriazoles will be broadly useful as a new nanoscale platform for easy conversion into 

multifunctional nanocarriers for various applications in therapy, imaging, or a combination of the 

two (theranostics).  
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