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ABSTRACT: The development of supramolecular cucurbit[7]uril-based chemosensors for the detection of bioanalytes in biofluids
such as untreated human serum and inside cells is a challenging task due to competition with proteins and inorganic salts. In this
contribution, we show that the encapsulation of cucurbit[7]uril-based chemosensors in polymersomes can prevent deactivation,
rendering the chemosensors operational in human serum and inside cells. We found that polymersomes with a hydrophilic poly-
[N,N-dimethylacrylamide] corona, especially those smaller than 200 nm, exhibit greater permeability to small bioactive molecules
compared with polymersomes with a bulkier poly(ethylene glycol) corona. Furthermore, analytes characterized by intermediate
lipophilicity, low charge density, and a rigid structure display enhanced permeability through the polymersomes. The polymer
membrane serves as a selective filter that allows small molecules to pass through a chemosensor while larger proteins are held outside
the polymersome. In addition to providing a new approach for stabilizing chemosensors in protein-rich media, this study underscores
the potential utility of polymersome-encapsulated chemosensors in investigating membrane permeability.

■ INTRODUCTION
A central challenge in developing future healthcare sensors lies
in the ability to detect biomolecules at the point of care using
affordable, rapid, and user-friendly assays.1,2 Current standard
instrumentation in clinical diagnostics falls short of providing
comprehensive solutions to this ambitious goal. This
emphasizes the appeal of supramolecular host−guest chemo-
sensors, which function through molecular recognition, as an
attractive alternative.3,4 Among the macrocyclic receptors
utilized in the design of host−guest chemosensor assays,
cucurbit[n]urils (CBn)5−7 stand out due to their exceptionally
high binding affinity for a wide range of biomolecules8−10 and
drugs11,12 in aqueous media (Ka ≈ 103−109 M−1).13 The
detection of biologically relevant small organic molecules is
made possible by using a combination of CBn as a high-affinity
receptor and a suitable indicator dye. Self-assembled CBn·dye
complexes are employed as chemosensing ensembles in
competitive binding assays, such as the indicator displacement
assay (IDA).14,15 Competitive binding assays with CBn as the

host offer versatile signal readouts, including fluorescence,16

chemiluminescence,17 or an electrical current.18

Despite their unique properties as macrocyclic receptors,
bimolecular cucurbit[7]uril (CB7)-based chemosensing en-
sembles14,19 (in the following referred to as chemosensors) are
susceptible to deactivation in intricate, protein-rich biofluids,
such as untreated serum samples, untreated urine, and within
cells (Figure 1a). This is mainly due to the competition of the
indicator molecules located in the host’s cavity with
comparably very high concentrations of inorganic cations
(>5 mM)20 and proteins (e.g., human serum albumin or
insulin).21−29 The nonspecific interaction with proteins can
block the macrocycle cavity or disassemble the chemosensor,
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e.g., by competitive binding of the indicator dye, which renders
it dysfunctional for the proposed detection of small
biomolecules. Although we successfully employed unimolecu-
lar CBn-based chemosensors that function in high-salt buffers
(10× PBS) as well as in human urine and saliva,30−32 new
design principles are needed to strengthen resistance to
protein-mediated deactivation. Consequently, pursuing alter-
native design strategies to stabilize bimolecular CB7-based
chemosensors in complex biofluids remains an attractive and
unsolved challenge. To render CB7-based chemosensors
applicable in complex biofluids, we drew inspiration from
recent reports on the liposomal encapsulation of CBn-based
chemosensors for screening lipid membrane permeability to
drugs and biogenic amines.33,34

We hypothesized that encapsulating chemosensors in the
lumen of a vesicular nanoparticle structure, permeable to small
molecules, would shield them from deactivation by proteins in
biofluids (Figure 1b).
However, despite their widespread use in biological research,

many liposomes are known to have low stability in biological
media, making them less than ideal candidates for creating
long-term stable vesicles that are largely inert to changing
media composition (pH, salinity, and protein concentra-
tion).35−38 In search of more stable vesicular structures to
encapsulate a CB7-based chemosensor and protect it from its
environment, we turned our attention to synthetic polymer
vesicles or polymersomes.
Polymersomes consist of an aqueous core with a hydro-

phobic bilayer membrane and are formed by the self-assembly
of amphiphilic block copolymers, usually synthesized through
living polymerization processes.39−41 Furthermore, vesicular
nanoparticles can be prepared in situ via reversible addition−
fragmentation chain transfer (RAFT) and polymerization-
induced self-assembly (PISA),42 thereby circumventing other-
wise laborious multistep polymerization and assembly
processes. The final morphology of the polymersomes can be
adjusted by the relative volume fractions of the hydrophilic and
hydrophobic block units and by the weight fraction of the
reactants in the polymerization solution.

Polymersomes have advantageous physicochemical proper-
ties compared with lipid-based nanoparticles and other self-
assembled polymer structures. These include high mechanical
strength,39 chemical modularity,43−45 and the ability to be
degraded on demand46−49�all features that have made them
attractive for drug delivery applications.50,51

Strategies to adjust polymersome permeability hinge on
adjusting the chemical composition of the amphiphilic
polymers and employing membrane cross-linkers, channel-
forming proteins, or nucleic acid-based pores.52−56 Due to
their unique permeability and robustness, polymersomes have
been explored as reaction vessels in biocatalysis,55,57−61 where
encapsulated enzymes are shielded from potentially denaturing
environments. Furthermore, polymersomes are a subject of
ongoing research in nonbiocatalysis62−64 and bioimaging, such
as pH bioimaging65 or the detection of adenosine triphos-
phate.66 Previous work has demonstrated that polymersomes
inherently permit the permeation of small organic molecules
while effectively excluding larger proteins.55,67

Despite their advantageous properties, polymersomes have
not yet been employed to protect synthetic supramolecular
chemosensors, such as those based on CBn, from challenging
biological environments.
In this study, we introduce a novel design principle to

protect CB7-based chemosensors by encapsulating them
within polymersomes, resulting in chemosensor-loaded poly-
mersomes (CPs, Figure 1b). Specifically, we encapsulated the
CB7⊃2,7-dimethyldiazapyrenium (CB7⊃MDAP2+)68,69 che-
mosensor ensemble within various polymersomes to circum-
vent its protein-induced deactivation in untreated serum
samples. Moreover, we demonstrate that our approach yields
CPs that retain their functionality even within cells. Finally, the
use of CB7-based chemosensors offers a novel tool for directly
studying the permeability of polymersome membranes to
biomolecules and drugs, a crucial aspect for future evaluation
and application of such vesicular and polymeric structures.67

Figure 1. (a) Schematic representation of a simplified host−guest type chemosensor consisting of CB7 as the macrocyclic host and MDAP2+ as the
luminescent indicator, depicted in an indicator displacement assay format. (b) Overview of the work presented herein. (i) The chemosensor is
encapsulated in a polymersome by a water-compatible PISA process. (ii) The encapsulated chemosensor remains functional in untreated serum
samples and inside cells, as the polymersome membrane effectively shields it from proteins.
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■ RESULTS AND DISCUSSION
Preparation of Model Polymersomes and CPs. Our

first goal was to synthesize three model polymersome
formulations, each exhibiting vesicular and spherical morphol-
ogies with different sizes and corona compositions, using a
RAFT-mediated PISA strategy. This approach was based on
poly-[N,N-dimethylacrylamide]-b-poly-[diacetone acrylamide]
(pDMA-pDAAm) or polyethylene glycol (PEG113)-pDAAm
block copolymers, and adapted from previously reported
procedures (Figure 2a, see the Supporting Information).70,71

The prepared polymersomes, all based on a poly-[diacetone
acrylamide] (pDAAm) core, varied in the composition of their
hydrophilic corona, ranging from less dense poly-[N,N-
dimethylacrylamide] (pDMA) of different lengths to densely
packed polyethylene glycol (PEG). The pDAAm core ensures
compatibility with aqueous PISA,72 while pDMA and PEG are
well-established corona compositions that are highly hydro-
philic.
The pDMA macrochain transfer agents (mCTA1 and

mCTA2, Figure 2a) were synthesized using RAFT solution
polymerization of DMA in 1,4-dioxane with 2,2′-azobis(2-
methylpropionitrile) (AIBN) as the thermal radical initiator
(see the Supporting Information for details) and S-2-cyano-2-
propyl-S’-ethyl trithiocarbonate (CPEA) as the chain transfer
agent, with characterization data in Table S1. Both polymer-
izations were quenched at conversions >90%, as was
determined by 1H NMR (Figures S1−S4), achieving a final
degree of polymerization (DP) of 37 (mCTA1) and 42
(mCTA2). Size-exclusion chromatography (SEC, Figure 2b)
analysis confirmed that the mCTAs had a number-average
molar mass (Mn) of 5.0 and 6.1 kDa, respectively, with
dispersity (ĐM) below 1.2. Importantly, the SEC traces showed
good overlap of the refractive index (RI) and UV (at 309 nm;
trithiocarbonate group) traces, highlighting the excellent end
group fidelity on the mCTAs (Figure 2b). The PEG
macroCTA (mCTA3) was prepared from PEG113 monomethyl
ether and 4-cyano-4-(((ethylthio)carbonothioyl)thio)-
pentanoic acid (CPEPA; see the Supporting Information for
details and characterization data in Table S1). 1H NMR
spectroscopy (Figure S5), RI, and UV-SEC traces (309 nm,
Figure 2b) confirmed quantitative coupling, with no
unfunctionalized PEG remaining.

Subsequently, thermally activated aqueous RAFT-mediated
PISA was performed using 4,4′-azobis-4-cyanovaleric acid
(ACVA) as the thermal radical initiator and DAAm as the
hydrophobic nucleating monomer (molar ratio mCTA/DAAm
= 1:150) to target a spherical vesicular morphology of empty
model polymersomes (P1, P2, and P3; see the Supporting
Information). Complete conversion (>97%) of the DAAm
core monomer was observed after 2 h of reaction time, as
assessed by NMR spectroscopy (Figures S6−S10). The
resulting polymersome dispersions were purified by dialysis
against water and then characterized by 1H NMR spectrosco-
py, SEC, transmission electron microscopy (TEM), and
dynamic light scattering (DLS).
SEC analysis confirmed quantitative blocking efficiency with

number-average molar masses (Mn) of 40 kDa for P1
(synthesized using mCTA1), 30 kDa for P2 (synthesized
using mCTA2), and 19 kDa for P3 (synthesized using
mCTA3) with dispersity values (ĐM) below 1.3 (Figure 2b;
see Table S1). TEM analysis confirmed the presence of their
vesicular morphology (Figure 2c−e), with DLS data showing a
hydrodynamic diameter (Dh) of 392, 407, and 163 nm for P1,
P2, and P3, respectively (Figures S11−S13; see Table S2).
Next, our objective was to encapsulate CB7⊃MDAP2+ in all

polymersome formulations. To achieve this, the PISA process
was performed, as previously described, but with the addition
of CB7⊃MDAP2+ (final concentration in the reaction solution
was approximately 300 μM) to the monomer mixture prior to
polymerization (see the Supporting Information for details).
The resulting chemosensor-loaded polymersomes, i.e., CP1,

CP2, and CP3, were purified by dialysis (molecular weight
cutoff: 10 kDa) against water to remove residual and
nonencapsulated species.
DLS analysis CP1 indicated a single particle distribution

with Dh = 468 nm (Figure 3a), which is slightly larger than that
of control P1 without the chemosensor (Dh = 392 nm). The
vesicular morphology was confirmed by TEM analysis (Figure
3b). For CP2, DLS analysis of the purified samples revealed a
bimodal size distribution, especially in the number-weighted
intensity distribution (Figure 3c), with a vesicular structure
confirmed by TEM (Figure 3d). The bimodal size distribution
observed for CP2 is attributed to the presence of a small
fraction of polymeric micelles in the final formulation.

Figure 2. (a) Reaction scheme for synthesizing polymersomes (P1−P3) using aqueous PISA. (b) SEC analysis showing the refractive index (RI)
and UV (309 nm) traces for mCTAs and polymersomes. TEM images of polymersomes (c) P1, (d) P2, and (e) P3.
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However, the predominant population comprised vesicles with
an average Dh of 295 nm. For CP3, DLS analysis revealed a
single population with Dh = 144 nm (Figure S14), which
showed a vesicular morphology in TEM analysis (Figure S15).
The DLS analysis of the pDMA and PEG corona CPs also
showed that the hydrodynamic size of the polymersomes is not
affected by varying pH from 4 to 8.5 (Figure S16).
Fluorescence Response Studies of CPs. Next, we

investigated whether the CB7⊃MDAP2+ chemosensor ensem-
ble remains active once it is encapsulated in polymersomes. We
tested this by setting up an IDA with CP1, CP2, and CP3 (see
the Supporting Information). We chose amines and steroids as
representative analytes due to their occurrence in biofluids,
such as blood, and their importance as biomarkers or
pharmaceutical compounds (Figure 4a). Concretely, we have
selected amantadine (Ada) as a primary amine and
antidyskinetic drug used to treat Parkinson’s disease73 and
influenza.74 The selected polyamines spermine (Spe) and
cadaverine (Cad) are biomarkers for cardiovascular diseases75

and bacterial infections,76 respectively. We were also interested
in the detection of the lipophilic steroid nandrolone (Nan), a
common synthetic anabolic steroid used in illegal doping
preparations.77 The analytes studied here differ in their
hydrophilicity, lipophilicity (indicated by the partition
coefficient, log P), conformational freedom (flexibility),
number of hydrogen-bonding donor−acceptor groups, and

Figure 3. DLS size distribution analysis of chemosensor-loaded
polymersomes: (a) CP1 and (c) CP2. TEM image of (b) CP1 and
(d) CP2.

Figure 4. (a) Chemical structures and physicochemical properties of nandrolone (Nan), amantadine (Ada), cadaverine (Cad), and spermine (Spe).
(b) Schematic representation of the functioning principle of CP-based chemosensors. (c) Schematic representation of the working principle of the
assay. (d) Emission spectra of CP1 before and after the addition of Ada. Time-dependent fluorescence response curves for (e) CP1, (f) CP2, and
(g) CP3 in the presence of analytes. As a control, CP dispersed in water without adding an analyte was used. In all emission-based experiments, the
concentration of CP was 0.8 mg·mL−1 (corresponding to [CB7⊃MDAP2+] = 0.1 μM per well), while the final concentration of the added analytes
was 20 μM. All time-dependent fluorescence intensities were recorded at λem = 431 nm (λex = 395 nm).
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binding affinity to CB7 (Figure 4a). Ada (log Ka,CB7 = 14.0)
78

represents a positively charged and conformationally rigid
analyte with moderate lipophilicity (log PAda = 2.4)

79 that has a
single H-bond donor moiety. The two polyamines, Cad
(log Ka,CB7 = 8.3)

19 and Spe (log Ka,CB7 = 7.4),
80 are

multicharged and flexible chain-like molecules with two or
three H-bond donor groups, respectively. Both are hydrophilic
analytes, with Cad and Spe having a log PCad = −0.5 and
log PSpe = −1.1, respectively.81 Nan (log Ka,CB7 = 7.0),82 in
contrast, is uncharged, flat, and has limited conformational
freedom. It is also the most lipophilic analyte we studied
(log PNan = 3.0),

83 bearing one H-bond donor and two
acceptor groups.
We anticipated that analytes capable of crossing the

polymersome membrane would reach the chemosensor in
the lumen of the polymersome and displace the fluorescent
indicator (MDAP2+) from the CB7 cavity (Figure 4b). In such
a scenario, a decrease in the fluorescence intensity is expected.
To evaluate the advantages of chemosensor encapsulation
using polymersomes, we chose to use a diluted CP dispersion
with an apparent concentration of CB7⊃MDAP2+ at 0.1 μM
(Figure S17), which was much lower than previously used for
this chemosensor (e.g., 25 μM).69 In fact, the high effective
molarity that can be reached by the encapsulation of
bimolecular chemosensors in polymersomes is another
advantage of our design strategy, as it prevents the
spontaneous disassembly of noncovalently bound macro-
cycle−dye complexes in dilute solution.
The schematic working principle of our CP assay is depicted

in Figure 4c (see the Supporting Information for details).
Briefly, a dispersion of CP1, CP2, or CP3 (cCP2 = 0.8 mg·mL−1;
corresponding to an apparent concentration of 0.1 μM
CB7⊃MDAP2+) was added to a microliter well, to which a
solution containing the analyte (canalyte = 20 μM) was
subsequently added. After the dispersions were briefly mixed,
the time-dependent fluorescence intensity (λex = 395 nm, λem =
431 nm) was recorded. Fluorescence intensity (Irel) curves
were normalized to the blank value and aligned to start at the
same intensity at t0 (start of data acquisition by the
instrument). The analyte concentrations were chosen to be
within biologically plausible concentrations.
The addition of Ada to CP1 dispersed in water caused a

slow but steady decrease in the emission intensity over time
(Figures 4d and S18). This outcome aligned with our
expectation that the translocation of the analyte into the
lumen of the polymersome, driven by a concentration gradient,
is feasible. In contrast to the addition of Ada to CB7⊃MDAP2+
in solution (no polymersome), for which the emission readout
equilibrates within minutes,69 this process extended over
several hours for CP-encapsulated CB7⊃MDAP2+. This
prolonged duration can be attributed to the slow permeation
of Ada through the membrane.
We recorded the time-resolved emission response of CP1,

CP2, and CP3 in water upon introducing 20 μM of each
analyte (Ada, Cad, Spe, Nan) to investigate the factors that
affect membrane permeability. For this purpose, the signal
response curves were analyzed for up to 10 min (600 s). This
time range was chosen because the intensity curves follow a
monoexponential decay behavior in this time range, and the
signal changes are distinguishable within this period. By fitting
the observed fluorescence response to a monoexponential
decay function, we calculated the time required for the
fluorescence intensity to decrease by 50% (I50). This metric

was then used to compare the analyte response times of the
CPs.
First, the response curves of CPs in the presence of Ada are

discussed (Figure 4e−g). Ada showed the fastest fluorescence
response among all of the analytes tested. The temporal
response of CPs to Ada followed the trend CP2 (I50 = 69 s) >
CP1 (I50 = 151 s) > CP3 (I50 = 218 s). In the case of pDMA-
based CPs, i.e., CP1 and CP2, CP2 displayed a significantly
faster response to Ada. This enhanced responsiveness could be
attributed to the smaller size of CP2 (Dh = 295 nm) compared
to that of CP1 (Dh = 468 nm), resulting in a higher effective
concentration of CB7⊃MDAP2+ in its lumen. This, in turn,
promotes a more efficient binding interaction between the
analyte and the chemosensor, as was discussed in the literature
for other systems.84,85 Among all CPs tested, CP3 (Dh = 144
nm), which is smaller than CP2, responded the slowest to Ada
and showed a small yet distinct response to Cad, Spe, and Nan.
This lower responsiveness and the slower kinetics are likely a
consequence of the densely arranged polyethylene glycol
corona. Subsequently, we investigated the diffusion properties
of analytes other than Ada by monitoring the emission
quenching when mixed with CPs. When comparing CP1 and
CP2, both featuring a pDMA corona, only CP2 exhibited a
clear and distinguishable emission response to all analytes
tested (Figure 4f).
The strength of the emission responses of CP2 decreased in

the following order: Ada > Cad > Spe > Nan. In contrast, only
weak emission quenching was observed for the combination of
CP1 with the polyamines Cad and Spe. Using polymersome
CP3, which has a PEG corona, no analyte other than Ada-
induced significant emission quenching. Control experiments
with CB7⊃MDAP2+ alone showed that the chemosensor
elicited a significantly faster fluorescence response to all
analytes tested (Figure S19). It is important to note, however,
that a direct comparison between the response curves of CPs
and nonencapsulated CB7⊃MDAP2+ is not feasible. Even with
adjusting the overall concentration of CB7⊃MDAP2+ to be the
same for the CPs and the nonencapsulated chemosensor
control, one cannot reach a truly comparable situation for the
CPs. This is because there is a high local concentration of
CB7⊃MDAP2+ in the lumen of CPs, whereas, for the control,
partial dissociation of the bimolecular chemosensor into its
host and dye components occurs in the bulk solution at the
overall low micromolar concentration level (because of
otherwise occurring inner filter effects, it was not possible to
raise the bulk chemosensor concentration any further).
Nevertheless, the results obtained clearly show that the
presence of a polymeric membrane significantly helps to tune
the chemosensor response.
Next, we investigated whether the CPs are functional in the

presence of insulin (see the Supporting Information for
details) because nonencapsulated CB7-dye chemosensors
strongly respond to this protein due to their high affinity to
insulin’s N-terminal Phe residue.21−26 Indeed, we found that
insulin at typical plasma concentrations (cIns = 200 μg·mL−1)86

did not adversely affect the response of CP1, CP2, and CP3 to
Ada (Figure 4e−g, gray curves). Furthermore, the I50 values of
the emission remained comparable to those of the case, in
which there was no insulin present, with I50 (CP1, Ada + Ins)
= 101 s and I50 (CP2, Ada + Ins) = 61 s. Combined with the
observation that our chemosensor is deactivated by insulin in
the absence of the polymersome (Figure S20), these findings
show that the polymersome membrane effectively hinders the
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diffusion of proteins into the lumen of the vesicle. Together,
these observations confirm the successful encapsulation of the
chemosensor. Serum albumins, including bovine serum
albumin (BSA), human serum albumin (HSA), and insulin,
constitute a category of proteins that impair the efficacy of
CB7-based chemosensing ensembles by sequestering the
macrocycle−dye complex within their protein pockets.21−29
Pleasingly, Ada sensing experiments in untreated (non-

deproteinized) human serum samples confirmed that our
polymersome-encapsulated chemosensors retain their respon-
siveness (Figure 5), verifying that any undesirable interaction
of blood proteins, such as HSA, with the chemosensor can be
effectively prevented by using CPs.
Chemosensor-Loaded Polymersomes for Intracellu-

lar Imaging of Relevant Analytes. Our final goal was to
investigate the applicability of CPs in a particularly intricate
and protein-rich environment, such as the interior of a cell. To
this end, we focused our attention on the detection of two
analytes: Ada, chosen for its high binding affinity toward CB7

and as a representative model drug for Parkinson′s disease, and
phenylalanine (Phe, log Ka,CB7 = 6.3; log PPhe = −1.7),87,88
serving as a representative amino acid associated with
phenylketonuria (Figure 6b).89,90

Regarding the CPs to be studied for imaging applications,
we chose CP2 and CP3. CP2 was selected due to its low I50
value in water and its ability to retain functionality in
nondeproteinized serum. CP3 was chosen because we
anticipated that it would have favorable physicochemical
properties for cell imaging applications compared to pDMA-
based CPs. It is also the smallest chemosensor-loaded
polymersome (Dh,CP3 = 144 nm) in the series, which we
expected to enable faster cellular uptake (rapid internalization
of particles below 200 nm has been well-described).91

Additionally, the PEG corona protects against protein fouling
and increases stability in protein-rich intracellular environ-
ments.92

To prove that chemosensor-loaded polymersomes can be
internalized by cells, we labeled CP2 with the red-emissive dye
Cy5 and incubated it with A549 cells (see the Supporting
Information). After 15 min, the medium was removed, and the
cells were washed several times with a phenol red-free cell
culture medium and subsequently imaged using confocal
microscopy. The acquired confocal microscopy images
confirmed that CP2 was successfully internalized in the time
frame investigated. Imaging through the Cy5 filter (at 640 nm,
Figure 6a(ii)) showed punctate staining consistent with
internalization through an endocytic pathway and, therefore,
endosomal localization of CP2. Significantly, imaging through
the MDAP2+ filter (488 nm, Figure 6a(iii)) displayed the
presence of punctate staining, which can be superimposed with
the Cy5 channel, resulting in a merged image with a yellow hue
(Figure 6a(iv)). This confirmed that CB7⊃MDAP2+ can be
trafficked into the cells by the polymersomes. Furthermore,

Figure 5. Fluorescence response of CP2 (0.8 mg·mL−1, correspond-
ing to [CB7⊃MDAP2+] = 0.1 μM) to analytes (20 μM) in untreated
human serum (λex = 395 nm).

Figure 6. (a) Confocal microscopy images of A549 cells incubated with CP2 (0.5 mg·mL−1) for 15 min, showing (i) brightfield, (ii) Cy5 (640 nm
filter), (iii) MDAP2+ (488 nm filter), and (iv) a merge of the Cy5 and MDAP2+ channels. Scale bar = 20 μm. (b) Chemical structures of
amantadine (Ada) and phenylalanine (Phe). (c) Schematic representation of the working principle of the CP-based assay in the cells. Time-
dependent fluorescence response curves of (d) CP2 and (e) CP3 in A549 cells (λex = 355 nm, λem = 460 nm). The fluorescence response curves
were normalized to the blank value and aligned to start at the same intensity at t0 (start of data acquisition by the instrument). Shown are
measurements with cells alone (black trace) and with cells incubated with CPs (gray trace) only as well as analyte-dependent response curves of
Ada-enriched cells (red trace) or Phe-enriched cells (orange trace) after incubation with CPs (cCPs = 0.5 mg·mL−1). Note that the fluorescence
emission in the control (gray trace) decreases with time, which is due to the presence of phenol red in the cell culture medium, a pH indicator that
is subject to photobleaching.
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cytotoxicity studies (see the Supporting Information) showed
that neither CP2 nor CP3 showed acute cytotoxicity at the
concentrations used for the cell experiments (0.5 mg·mL−1;
Figure S21).
Next, we developed a cell model for the intracellular

accumulation of Ada and Phe in A549 human lung epithelial
cancer cells and their subsequent detection by CPs (Figure 6c;
see the Supporting Information for details). Briefly, cells were
incubated for 30 min with 200 μM Ada or Phe before the
sensing assay was initiated by replacing the medium with fresh
CP2- or CP3-containing medium (cCPs in the medium was 0.5
mg·mL−1). The fluorescence response was monitored (λex =
355 nm, λem = 460 nm) every minute for 20 min (Figure 6d,e).
As control experiments, cells that were enriched with either
Ada or Phe but not incubated with CPs were used. In addition,
a control consisting exclusively of cells was used for
comparison. Note that the concentrations of Ada or Phe
used for the analyte enrichment in cells were chosen based on
prior cell viability assays (see the Supporting Information for
details), ensuring that the analytes induced no toxicity (Figure
S22).
In all experiments, a steady decrease in fluorescence

emission was observed over time due to the presence of the
phenol red in the cell culture medium, a standard pH indicator
used to monitor optimal cell growth, which is also partially
excited and subjected to photobleaching during the experiment
(Figure 6d,e).
However, pleasingly, we observed an obvious larger decrease

in fluorescence intensity for the cells that had both the analyte
and polymersomes present inside, indicating that the
CB7⊃MDAP2+ chemosensor remained active in this complex
environment (Figure 6d,e, red and orange traces). Further-
more, the rapid cellular uptake of our CPs and the lack of red
fluorescence from noninternalized polymersomes after only 15
min of incubation (Figure 6a) suggest that the observed
decrease in emission signal is due to intracellular analyte
binding processes.
In the case of CP2, the I50 values for the response to Ada

increased 2.3-fold (I50 = 192 s) compared with the previous
results obtained in water, indicating a significant decrease in
performance. CP2 also showed a response in the presence of
Phe (I50 = 260 s), which differed from the control experiments.
Compared to the response obtained with Ada, the I50 value of
CP2 is higher for Phe, possibly because this analyte has a lower
binding affinity to CB7 than Ada, or because Phe’s membrane
translocation rate constant is lower than that of Ada, or both.
Interestingly, CP3 showed a comparable performance to CP2
(Figure 6e) for both Ada (I50 = 181 s) and Phe (I50 = 205 s).
This observation confirms the above-mentioned physicochem-
ical advantages of polymersomes with a size of less than 200
nm in combination with an antiprotein fouling corona
composition.

■ CONCLUSIONS
This work describes the successful development of
CB7⊃MDAP2+ chemosensor-loaded polymersomes, which
are functional in biological environments. The semipermeable
polymer membrane, in which the chemosensors are encapsu-
lated, acts as a molecular sieve and provides protection against
protein-mediated deactivation. Notably, polymersomes with a
pDMA corona are advantageous for detecting bioactive
molecules and drugs in aqueous dispersions, while PEG-
based polymersomes offer better robustness for cell-based

imaging applications. The encapsulation strategy presented in
this contribution introduces new design strategies to improve
the selectivity of host−guest chemosensors without the need
for complex chemical functionalization procedures of the
macrocyclic receptors. Finally, we anticipate that using
different polymersome formulations with different permeabil-
ities for small molecules holds great potential for innovative
differential sensing strategies.
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AIBN, 2,2′-azobis(2-methylpropionitrile); Cad, cadaverine;
CB7, cucurbit[7]uril; CP, chemosensor-loaded polymersomes;
CPEA, S-2-cyano-2-propyl-S′-ethyl trithiocarbonate; CPEPA,
4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid;
Cy5, cyanine5; Dh, hydrodynamic diameter; DLS, dynamic
light scattering; ĐM, dispersity; DP, degree of polymerization;
I50, time in which the fluorescence response drops by 50%;
IDA, indicator displacement assay; Ins, insulin; kDa, kilo-
dalton; log P, partition coefficient; Ka, affinity constant; mCTA,
macro-chain transfer agent; kDa, kilodalton; MDAP2+, 2,7-
dimethyldiazapyrenium; Nan, nandrolone; pDAAm, poly-
[diacetone acrylamide]; pDMA, poly-[N,N-dimethylacryla-
mide]; PEG, polyethylene glycol; PISA, polymerization-
induced self-assembly; RAFT, reversible addition−fragmenta-
tion chain transfer; RI, refractive index; RT, retention time;
Spe, spermine; TEM, transmission electron microscopy; UV,
ultraviolet
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