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Fluorescent supramolecular nanoparticles signal the loading of 
electrostatically charged cargo 

Laura Grana Suarez, Willem Verboom* and Jurriaan Huskens* 

Fluorescently labeled supramolecular nanoparticles (SNPs) were used to 
study the effects of their loading with oppositely charged cargo. SNPs 
shrank until neutralization, upon which they destabilized and aggregated. 
Using a dye-labelled guest, FRET occurred between the SNPs and a dye-
labeled cargo. This effect may allow the development of responsive 
imaging and drug delivery vehicles. 

Supramolecular nanoparticles (SNPs) are formed by specific 
non-covalent interactions in a multicomponent system.1 The 
toolbox approach of SNPs, in which multivalent and 
monovalent building blocks are assembled in a one-pot 
process, presents many advantages such as size control, 
controlled assembly/disassembly, modular exchange of 
building blocks with desired properties, and easy incorporation 
of imaging agents or targeting ligands.1 SNPs are therefore 
being studied for various biomedical applications, such as 
imaging,2 photothermal therapy,3 drug delivery,4-8 and gene 
delivery.9,10  

The loading of drugs or nucleic acid derivatives into SNPs 
can be achieved by different strategies, e.g., by host-guest 
chemistry10-15 or electrostatics.5,12,16-19 The latter approach is 
used extensively in the case of electrostatically charged guests, 
such as charged drugs. SNPs for the delivery of RNA or DNA 
constitute a clear example of this approach: the genetic 
material is negatively charged, and for this reason it needs a 
positively charged scaffold to be encapsulated.9-11,16 The 
components of the SNPs can be charged as desired: negatively, 
as in the system recently developed in our group which makes 
use of the biocompatible poly(isobutyl-alt-maleic acid) 
(PiBMA) polymer,20 or positively, such as in the systems of 
Tseng4 and Davis,16 in which cyclodextrin (CD)-grafted 
poly(ethylene imine) (PEI) has been used. In Tseng’s system, 
the SNP formation is governed by CD host-guest interactions, 
and the role of electrostatics remains often subdued. In 
contrast, in Davis’ system, the electrostatics between the CD-

PEI and the DNA/RNA payload is the main SNP driving force, 
and the CD host-guest interactions are merely used for the 
attachment of the monovalent stopper which provides SNP 
stabilization. Both systems have been studied extensively in 
terms of particle formation, release of the cargo, optimum 
ratio of scaffold/cargo, and toxicology.9,12,13,17,19,21,22 Although 
the effects of the charged cargo on the particle characteristics 
and stability are of utmost importance for biomedical 
applications, these aspects have hardly been explored so far. 

Fluorescence spectroscopy is a powerful and sensitive 
technique, and has been used, amongst others, for the study 
of supramolecular assemblies for sensing and on-off 
switching.23-25 Forster Resonance Energy Transfer (FRET) 
describes the process by which the excitation energy is 
transferred from one dye to another that is in close proximity, 
and this process is widely used for the study of conformational 
changes in assemblies and biomolecular systems.26-30 
Moreover, the quenching of fluorescent polymers 
(superquenching) has appeared as an emergent technique to 
study DNA hybridization, and to detect a variety of biological 
targets.26,31-34 Fluorescence techniques thus can offer unique 
ways to explore the changes occurring in SNPs upon addition 
of a guest. Using charged SNPs that have been equipped with a 
fluorescent dye, the addition of a complementary charged 
guest, with or without a dye that forms a FRET couple with the 
first dye, may alter the characteristics of the particles and 
affect the fluorescence properties of the SNPs. Therefore, we 
envisage that fluorescence and FRET methods will allow the 
study of the loading of guests into SNPs.  

Here, we aim to study the effects of loading a charged 
fluorescent cargo into charged fluorescent SNPs held together 
by cyclodextrin (CD) host-guest interactions, thus changing the 
electrostatic environment of the particles, on the SNP 
properties, such as size and stability. Also, the changes in the 
fluorescent properties of the assemblies, such as self-
quenching and energy transfer of the FRET couple, will act as a 
tool for studying these assemblies. The SNPs are characterized 
by DLS and zeta potential, while cargo loading is studied by 
monitoring the changes in UV and fluorescence properties 
upon the addition of cargo.  

The components used to form the fluorescent SNPs and 
their self-assembly are shown in Fig. 1. Guest loading into the 
SNPs (Fig. 1a) is studied by interacting a fluorescently labelled 
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polymeric cationic guest with SNPs that contain a fluorescent 
dye-modified anionic polymeric building block. As a 
consequence, the overall particle charge is expected to change 
from negative to neutral and ultimately positive upon increase 
of the cationic guest concentration. These changes of the 
electrostatic properties are expected to affect the 
fluorescence characteristics of the particles (Fig. 1a,b). 
Furthermore, fluorescein (FL) and rhodamine B (RhB), the two 
dyes used to tag the cargo and the labelled SNP building block, 
form a FRET couple, which is used here to study proximity 
effects within the SNPs. 
 

 

Fig. 1 (a) Self-assembly of the components to form the fluorescent SNPs and 
their loading with a charged cargo. (b) Fluorescence and FRET processes 

used here. (c) Components of the SNP system: host polymer grafted solely 
with CD (PiBMA-CD), host polymer grafted with CD and lissamine rhodamine 
B (PiBMA-CD-RhB), guest polymer grafted with p–tert-butyl-phenyl groups 

(PiBMA-TBP), and the cargo polymer poly(ethylene imine) grafted with 
fluorescein (PEI-FL). 

The host and the guest polymers (Fig. 1b,c), cyclodextrin-
grafted poly(isobutyl-alt-maleic acid) (PiBMA-CD) and p-tert-
butylphenyl-grafted PiBMA (PiBMA-TBP), were synthesized as 
described before,20,35-37 and contained, on average, 9 CD units 
and 9 TBP units per polymer backbone, respectively. The host 
polymer grafted with rhodamine (PiBMA-CD-RhB) was 
synthesized in a stepwise process by amidation of 
poly(isobutyl-alt-maleic anhydride) (MW 6 kDa) with 
lissamine™ rhodamine B ethylenediamine followed by 6-
monodeoxy-6-monoamino-β-cyclodextrin (see ESI†). The 
positively charged cargo polymer, poly(ethylene imine) (PEI) 
grafted with fluorescein (FL), was synthesized by thiourea 
bond formation by reaction of PEI with fluorescein 

isothiocyanate (see ESI†). The crude products were purified by 
dialysis and neutralized before freeze-drying. 1H-NMR (Fig. S1, 
ESI†) analysis of PiBMA-CD-RhB revealed that it contained, on 
average, 5 CD moieties per polymer backbone, as determined 
by comparing the methyl signals of the polymer with the H1-
CD signal of the CD moieties. PiBMA-CD-RhB was grafted with, 
on average, 1.5 RhB per polymer backbone, and PEI-FL with 0.3 
FL per polymer backbone as determined by UV analysis (see 
calibration curves in Fig. S2, ESI†). The host polymer 
with/without dye (PiBMA-CD-RhB, PiBMA-CD) and the guest 
polymer (PiBMA-TBP) formed fluorescent SNPs in phosphate 
buffer (5 mM, pH 7.4, Fig. 1a) stabilized by a balance between 
attractive supramolecular host-guest interactions between CD 
and TBP and repulsive electrostatic interactions between the 
polymer chains, without the need of a monovalent stopper, as 
studied before for the parent system without RhB label.20 The 
ratio between PiBMA-CD and its dye-modified counterpart 
PiBMA-CD-RhB was used to control the dye concentration. The 
cargo PEI, unlabelled or labelled with FL, was added after SNP 
formation, and it was incorporated in the SNP core (Fig. 1a) by 
attractive electrostatic interactions with the host and guest 
polymers. The concentration of PEI was determined based on 
its molecular weight, and, therefore, on the number of 
polymer chains. 

The change of the SNP particle size upon addition of 
increasing amounts of (unlabelled) PEI was monitored by 
dynamic light scattering (DLS). As shown in Fig. 2a, the 
particles shrank upon the first addition to approx. half of their 
original size. This size was maintained until reaching a 
concentration of 2.3 µM PEI, at which further increase of the 
concentration led to the formation of large aggregates. 
Although a size decrease upon loading cargo might seem 
counterintuitive at first, it must be noted that the electrostatic 
repulsive interactions between the SNP building blocks 
provides the SNPs with an open, hydrogel-like structure. 
Loading with oppositely charged cargo therefore reduces the 
repulsion and thus causes shrinkage of the SNPs, with 
concurrent loss of water from the SNP core. 
 

 

Fig. 2 (a) Hydrodynamic diameters from DLS and (b) zeta potential (ζ) data of 

the SNPs composed of PiBMA-CD-RhB (3.3 µM CD, 1 µM RhB), PiBMA-CD 
(11.7 µM CD) and PiBMA-TBP (15 µM TBP) upon addition of increasing 
amounts of PEI. 

A similar transition was observed by zeta potential (ζ) 
measurements (Fig. 2b) which showed that, upon addition of 
PEI, the charge of the SNPs gradually became less negative. In 
the case of using PEI-FL as the cargo, comparable results were 
obtained (Fig. S3, ESI†). At a concentration of 2.3 µM PEI, the 
point of neutralization was reached, and the particles became 
positively charged at higher amounts of cargo. However, the 
absolute value of the zeta potential remained below 20 mV, 
which is in agreement with the loss of colloidal stability as 
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observed by DLS. Moreover, the maintained, low positive 
charge at high cargo concentrations indicates that guest 
uptake beyond the point of neutralization is increasingly 
hampered by electrostatic repulsion. 

Comparing the amounts of positive and negative charges 
present in the SNPs upon addition of PEI/PEI-FL to the 
preformed particles indicates that the particles reach the point 
of neutralization at a concentration of 2.3 µM PEI/PEI-FL (the 
theoretical calculation of the neutralization point together 
with the assumptions made are given in the ESI†, Table S1). 
This agrees well with the experimental DLS and zeta potential 
data shown in Fig. 2. Lindman and coworkers have observed a 
similar aggregation behavior for particles formed by 
condensates of DNA and a polyelectrolyte.38,39 In a previous 
study,20 we observed that the negatively charged SNPs are 
stabilized by a balance between attractive supramolecular and 
repulsive electrostatic forces. Whenever this equilibrium is 
perturbed, for example by exposing the particles to high ionic 
strength, or by addition of a charged cargo as done here, the 
particles destabilize and aggregate. Thus, as indicated by the 
zeta potential and DLS measurements, the cargo-loaded SNPs 
lose their colloidal stability when reaching the point of 
neutralization. 

The optical properties of the cargo-loaded SNPs were 
studied by UV-Vis absorption and fluorescence 
spectrophotometry (Fig. 3) using the RhB-labelled component 
PiBMA-CD-RhB in SNP formation (Fig. 1).  In the UV-Vis spectra 
(Fig. 3a), a Mie scattering component started to appear upon 
reaching a cargo (PEI) concentration of 2.3 µM, suggesting the 
presence of large aggregates. As described above, this cargo 
concentration coincides with the point of neutralization, 
leading to loss of colloidal stability. The fluorescence emission 
intensity of RhB upon excitation of RhB at 560 nm of SNPs 
containing PiBMA-CD-RhB upon addition of PEI or PEI-FL is 
shown in Fig. 3b (fluorescence emission spectra in Fig. S4, 
ESI†). The addition of the cargo to the SNPs caused a 
continuous decrease in the RhB emission, attributed to self-
quenching of RhB, until the neutralization point was reached 
at a concentration of 2.5 µM PEI/PEI-FL, upon which the 
intensity started to level off. The increased quenching of the 
RhB emission can in part be attributed to shrinking of the 
SNPs, which brings the dyes closer together, as observed as 
well by DLS, although the particles shrink sharply upon 
addition of cargo, while the quenching happens gradually. 
Additionally, the increasing amounts of charges upon cargo 
loading may increase the polar nature of the SNP core 
promoting aggregation of the dye moieties of both the SNP 
building blocks and the cargo. Upon reaching the point of 
neutralization, the influx of cargo is largely inhibited, as 
observed as well by the zeta potential measurements, and 
consequently the fluorescence intensity levels off. In the case 
of PEI-FL, the quenching of RhB appeared to be more effective 
(Fig. 3b) due to the presence of increasing amounts of FL into 
the SNPs, which contribute to the dye aggregation and, 
therefore, to the extent of self-quenching of RhB, and possibly 
FRET (see below). These results clearly indicate that the SNPs 
have become responsive to cargo loading upon the use of a 
fluorescent dye as a label at one of the SNP components. 

The particles were imaged by high-resolution scanning 
electron microscopy (HR-SEM). Fig. 4 shows images of SNPs 
after addition of PEI-FL, at concentrations before (Fig. 4a) or 
after (Fig. 4b) the point of neutralization. Fig. 4a displays round, 

well defined small particles of approx. 50 nm in size, whereas 
in Fig. 4b large, amorphous aggregates are clearly visible. The 
original particles before adding the cargo (Fig. S5, ESI†) were 
70 nm, comparable to the size obtained for the parent SNPs 
without RhB.20 This shows that the particles shrink in size, 
when cargo is added before reaching the point of 
neutralization, as shown before by DLS, although the size 
difference by SEM is less evident than by DLS. Beyond the 
point of neutralization, the particles destabilize and form 
aggregates, probably by the merging of several particles. 
 

Fig. 3 (a) UV/Vis absorbance spectra, and (b) normalized fluorescence 

intensities (excitation of RhB at 560 nm, emission of RhB at 585 nm) of SNPs 

composed of PiBMA-CD-RhB (3.3 µM CD, 1 µM RhB), PiBMA-CD (11.7 µM 

CD) and PiBMA-TBP (15 µM TBP) upon addition of increasing amounts of PEI 

(b, ○) or PEI-FL (a and b, ▪). The standard deviation of the normalized 

fluorescence intensities was on average 0.02.  

 

Fig. 4 HR-SEM images of the SNPs composed of PiBMA-CD-RhB (3.3 µM CD, 
1 µM RhB), PiBMA-CD (11.7 µM CD) and PiBMA-TBP (15 µM TBP) after 
adding (a) 0.67 or (b) 5.33 µM PEI-FL. 

As a control, SNPs of unlabelled PiBMA-CD were prepared 
and free RhB was added at the same dye concentration as for 
the dye-labelled SNPs shown in Fig. 3, after which free 
fluorescein with or without PEI was added. In both cases, 
quenching of RhB was no longer observed (Fig. S6a, ESI†). This 
indicates that RhB must be incorporated inside the SNPs, by 
covalent attachment to one of its constituents, to be able to 
observe quenching due to the loading of cargo. Similarly, when 
free FL was added to the RhB-labelled SNPs prepared with 
PiBMA-CD-RhB, quenching of RhB was also not observed (Fig. 
S6b, ESI†). However, quenching did take place once PEI was 
also added, which indicates that the quenching of RhB 
originates from the charge neutralization induced by the 
cationic cargo. 

FRET occurring between the fluorescein and rhodamine B 
dyes was studied by monitoring the fluorescence emission of 
RhB at 585 nm of SNPs upon excitation of FL at 450 nm upon 
addition of PEI-FL or PEI, as is shown in Fig. 5a (fluorescence 
emission spectra in Fig. S7, ESI†). When the particles were 
loaded with PEI-FL, an increase of the fluorescence emission of 
RhB was observed, indicating FRET from FL to RhB. The effect 
occurred until the point of neutralization at 2.5 µM, which 
indicates that beyond this concentration no more PEI-FL was 
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loaded into the SNPs. Once the charges are compensated, 
there is no driving force to encapsulate more PEI-FL, and, 
consequently, the increase of the FRET effect levels off. In the 
case of unlabelled PEI as the cargo, no emission of RhB was 
observed under the same conditions, indicating that FRET is 
only observed when FL is attached to the cargo. Fig. 5b shows 
the fluorescence emission of the PEI-FL cargo at 520 nm when 
administered to the SNPs or to the buffer solution without 
SNPs, upon excitation of FL at 450 nm. The intensity increase 
upon increasing amounts of PEI-FL in the presence of RhB-
labelled SNPs was slightly lower than in the absence of SNPs, 
which confirms FRET from FL to RhB in the cargo-loaded SNPs. 
As a negative control, Fig. 5b also shows the intensities upon 
loading unlabelled PEI as a cargo to RhB-labelled SNPs. The 
absence of fluorescence confirms that the emission observed 
in the former cases is fully attributable to FL emission. Overall, 
the fluorescence properties of both dyes clearly indicate that 
FRET occurs between the dye-labelled SNP components and 
the dye-labelled cargo. 

 

 

Fig. 5 Fluorescence emission intensity of the SNPs composed of PiBMA-CD-

RhB (3.3 µM CD, 1 µM RhB), PiBMA-CD (11.7 µM CD) and PiBMA-TBP (15 µM 
TBP) after adding PEI-FL or PEI. (a) Excitation of FL at 450 nm, emission of 
RhB at 560 nm (normalized to the maximum intensity of the emission of RhB 

obtained after its direct excitation; see Fig. 3). (b) Excitation of FL at 450 nm, 
emission of FL at 520 nm (normalized to the fluorescence intensity of FL 
with free PEI-FL at 2.7 µM PEI); ▪ SNPs to which PEI-FL was added. ○ SNPs to 

which PEI was added. ◊ free PEI-FL. The standard deviation of the 
normalized fluorescence intensities was on average 0.001 in (a) and 0.02 in 
(b). 

In conclusion, we have developed a fluorescent 
multicomponent supramolecular nanoparticle system that is 
responsive to the loading of cargo. Equipment of one the SNP 
components with a fluorescent reporter dye allowed us to 
study the effect on the particle behaviour and stability upon 
the introduction of oppositely charged cargo. Particle 
destabilization and aggregation occurred once the 
neutralization point was reached. Before the neutralization 
point, the cargo loading caused shrinkage of the SNPs.  When 
both the SNPs and the cargo were labelled with a dye, FRET 
was observed upon loading the SNPs with cargo. These results 
further the basic understanding of the forces underlying SNP 
morphology and stability when loading SNPs with an 
electrostatically charged cargo, such as in the case of 
anticancer gene delivery. Moreover, the counteracting 
fluorescence intensities of the SNP components and the cargo, 
caused by FRET, may allow the development of drug delivery 
vehicles and imaging agents in which the ratiometric 
detection40,41 of the dye intensities can be used to signal the 
SNP assembly and disassembly, as well as the release of cargo. 

Mark Smithers is acknowledged for the recording of the 
HRSEM images. This work was supported by the Dutch 

Technology Foundation STW (NWO-nano, project number 
11435). 
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Fluorescent supramolecular nanoparticles signal the loading of 

electrostatically charged cargo 

Laura Grana Suarez, Willem Verboom* and Jurriaan Huskens* 

                                                                        

 

Supramolecular nanoparticles (SNPs) become 

responsive to the loading of cargo by attaching 

a fluorescent dye to one of the building blocks. 

The SNPs shrink upon loading them with a 

positively charged cargo polymer. When using 

a dye-labeled cargo, FRET occurs between the 

SNP components and the cargo. 
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