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A B S T R A C T   

The development of nano-sized carrier systems plays a fundamental role in immunodrug delivery and the 
treatment of cancer. Especially functional materials, coupled with a stimuli-responsive drug release, control the 
selective delivery of small molecular drugs to the target site and avoid systemic side effects. Based on this, we 
introduce a DBCO core-functionalized nanogel platform for pH-reversible conjugation of highly potent TLR7/8- 
activating imidazoquinolines and the selective targeting of macrophage mannose receptor (MMR/ CD206) 
expressed by immunosuppressive macrophages. DBCO-PEG4-amine functionalized polymethacrylates are syn
thesized by controlled RAFT polymerization and self-assembled into precursor micelles in polar aprotic solvents. 
Corresponding nanogels are generated via reactive ester chemistry, while conjugated DBCO–units are incorpo
rated into the core, still accessible for click reaction with azide-functionalized structures. Regarding the prepa
ration of targeted nanogels, trimannose equipped with azide moieties can be conjugated to the DBCO nanogels, 
revealing the efficient targeting of macrophages’ mannose receptor in vitro. Moreover, the broad applicability of 
the DBCO nanogel is demonstrated by the synthesis of an azide–containing 2-propionic-3-methylmaleic 
anhydride-based linker sensitive for the pH–reversible conjugation of secondary amine-modified immune 
modulators, such as IMDQ-Me. Via bioorthogonal DBCO click reaction, the immune modulator can reversibly be 
conjugated, affording pH-responsive drug-loaded nanogels that conserve the desired immune stimulatory effect 
in vitro. Overall, these findings highlight the potential of core–functionalized DBCO nanogels, a promising carrier 
system for pH–sensitive conjugated immunodrugs as well as an attractive platform for controlled targeting of 
MMR. Altogether, the versatile application of core-functionalized DBCO nanogels may pave the way for 
enhancing bioorthogonal multifunctionality inside nanocarrier systems that assist in addressing multiple targets 
in cancer immunotherapy.   

1. Introduction 

Nano-scaled polymeric micelles have demonstrated a high potential 
as drug delivery system in diagnostics and therapeutics. The variation of 
the pharmacokinetic profile, as well as the improved bioavailability and 
reduced toxicity of small-molecular drugs increased the application of 
nanoparticles in anticancer therapy. Thus far, efficient targeted drug 
delivery has primarily been accomplished by the accumulation of long 

circulating drug nanoformulations using the enhanced permeability and 
retention (EPR) effect of solid tumors [1–4]. Based on the high demand 
for nutrients and oxygen, fast growing tumors present various leaky 
vessels which increases the permeability to nanomaterials, while 
contributing to the retention time through the lack of normal lymphatic 
drainage [5,6]. Compared to passive targeting, active targeting relies on 
the application of targeting structures conjugated to nanoparticles. 
Accumulated in the tumor microenvironment, biological ligands can 
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interact with specific receptors or markers overexpressed on tumor or 
immune cells affording a cell-specific drug delivery [6,7]. Already 
illustrated by the Ringsdorf model for pharmacologically active poly
mers [8,9] targeted carrier structures improve the efficacy at the site of 
the disease. Small structures like nanobodies [10,11] or saccharides [12] 
are promising mediators for a cell-selective drug targeting. Mannose 
receptors are expressed on important immune cells, including dendritic 
cells and macrophages [12,13]. Among these cells, macrophages are 
represented in all tissues, while playing a dominant role in tumor pro
gression and metastasis. Tumor-associated macrophages (TAMs) are 
located in the tumor microenvironment, often displaying a high 
immunosuppressive activity and strong expression of the Macrophage 
Mannose Receptor (MMR, CD206). Hence, TAMs can be considered as 
an attractive target for cancer immunotherapy [11,14–17]. 

Access to nano-sized drug delivery systems can be generated by the 
synthesis of self–assembling block copolymers [1,18]. Subsequent core- 
crosslinking will then assist in providing advanced properties for ap
plications in complex biological environments [4,19,20]. As already 
reported from our laboratories, well-defined core–shell systems can be 
formulated by the Reversible Addition-Fragmentation Chain Transfer 
(RAFT) polymerization of methoxy tri(ethylene glycol) methacrylate 
(mTEGMA) and the reactive ester pentafluorophenyl methacrylate 
(PFPMA) [21]. The resulting amphiphilic block copolymers provide 
efficient shielding properties and stability based on the hydrophilic PEG- 
like structure, whereas the hydrophobic PFPMA enables controlled self- 
assembly and amine modification [22–24]. Consequently, self- 
assembled micelles can be further functionalized by dye-labeling or 
core–crosslinking, promoting the nanoparticle stability and integrity 
[22,25]. So far, additional surface decoration with azides enabled the 
conjugation of DBCO-functional proteins or peptides and the generation 
of antigen-decorated nanogels [25,26]. Additionally, MMR-targeting 
nanobodies were also immobilized onto such nanogels for targeting 
CD206+ cells [10,14]. However, the core-functionalization with ami
ne–containing dibenzocyclooctynes (DBCO) has not been reported yet 
and could further extend the application of our nanoparticle system. To 
that respect, latest investigations from our group conclude that for 
similar core-crosslinked nanogels which switch their core polarity from 
hydrophobic to hydrophilic consequently provide a more porous struc
ture where not only water but also other guest molecules can diffuse into 
the core [53]. The DBCO group would then permanently immobilize 
azide-functionalized guest molecules via click chemistry. 

In recent years, click chemistry has become an important tool in 
nanomedicine and pharmaceutical sciences. Since the first reports by 
Sharpless and coworkers in 2001, click chemistry has been defined as 
high-yielding reactions, providing non-reacting by-products under mild 
reaction conditions [27,28]. Various bioorthogonal reactions such as the 
copper-catalyzed azide-alkyne cycloaddition (CuAAC) or the tetrazine 
ligation by an inverse electron-demand Diels-Alder reaction (IEDDA) 
have paved the way for a fast and selective chemical reaction between 
biomolecules and synthesized functional groups. Due to the general 
concern of copper in materials for biomedical applications, the Cu-free 
azide-alkyne cycloaddition (SPAAC) demonstrates efficient reaction 
properties with milder and more versatile application features. Strained 
cyclooctynes such as DBCO form chemically and metabolically robust 
bonds to orthogonal azides in a [2+3] cycloaddition, making the reac
tion an attractive candidate for numerous in situ applications [29–31]. 

Hence, SPAAC reactions can be used to modify nanocarriers with 
additional functional groups or stimuli responsive systems. Supple
mentation of nano-sized drug carriers with stimuli responsive motives 
promotes a controlled drug efficacy at the target-site with minimized 
side effects. Among the variety of stimuli such as light or redox potential, 
pH-sensitive formulations gained an important role in next generation 
nanomaterials [32–34]. Between frequently used ketal [24] or hydra
zone structures, [35] disubstituted maleic anhydride systems have been 
employed as excellent structures able to release conjugated amines in 
their native form without the generation of by-products [36,37]. 

Already a mildly acidic pH (5.5–6.8) initiates the fast attack by the 
β–positioned free carboxylic acid to the amide, resulting in the re- 
formation of the anhydride system and precursor amines [34,38,39]. 
In addition, modification of the cis-double bond by variation of adjacent 
substituents impacts the angle between maleic acid amide derivates and 
the β-carboxylate and, thus, the pH sensitivity of the system [40–42]. 
When primary amines are conjugated, we recently reported the forma
tion of cyclic imides on polymeric maleic anhydrides resulting in the 
lack of pH sensitivity [43]. Only for secondary amines, reversibility of 
the conjugate is found. Consequently, we could support the pH- 
reversible conjugation of secondary amine-containing drugs, such as 
the small-molecular Toll-like receptor 7/8 (TLR7/8) agonist 1-(4- 
((methylamino)methyl)-benzyl)-2-butyl-1H-imidazo[4,5-c]quinolin-4- 
amine (IMDQ-Me) [43]. 

Upon administration most TLR agonists activate various antigen- 
presenting cells (APCs) leading to the secretion of cytokines like type-I 
IFN and IL-12 and the stimulation of cytotoxic T–cells. Nevertheless, 
most injected compounds rapidly distribute through the body, resulting 
in an undesired inflammatory reaction [23,24,44,45]. Previous reports 
demonstrated a controlled immune activation by covalent conjugation 
of small molecular TLR agonists to different types of nanocarriers 
[25,46–48]. In this context, the additional application of stimuli- 
responsive linkers could contribute to the efficacy and targeted im
mune stimulation. 

Herein, we describe the conjugation of an amine-functionalized 
DBCO to an amphiphilic block copolymer consisting of methoxy tri 
(ethylene glycol) methacrylate (mTEGMA) and reactive ester penta
fluorophenyl methacrylate (PFPMA), followed by the conversion of the 
block copolymer micelles into completely hydrophilic dye-labeled and 
core-crosslinked nanogels (Fig. 1). Investigating the accessibility of the 
nanogels’ core-localized DBCO groups with azide-containing dyes, the 
favourable click reaction is shown and paving the way for biological 
applications. While the nanogel itself shows no MMR affinity, covalent 
conjugation of an azide-functionalized trimannose triggers the selective 
targeting and internalization into MMR-expressing cells. Further gen
eration of an azide-modified disubstituted maleic anhydride linker offers 
a smart platform for the pH–sensitive conjugation of different amines as 
well as secondary amine-modified immune-stimulating TLR 7/8 agonist 
IMDQ-Me with high in vitro activity. Overall, extending the nanogel 
platform for DBCO click reactions therefore provides beneficial features 
for a targeted and pH-sensitive (immuno)-drug delivery. 

2. Results and discussion 

2.1. Design, synthesis and characterization of a DBCO-functionalized 
nanogel platform 

To establish a synthetic pathway for DBCO-conjugated amphiphilic 
block copolymers, pentafluorophenyl (PFP) reactive ester monomers 
were employed [49,50]. With their high solubility in different organic 
solvents, their high reactivity for a broad range of amines and their easy 
direction of reaction kinetics, [51,52] pentafluorophenyl methacrylate 
(PFPMA) monomers were accessed by treatment of methacryloyl chlo
ride with pentafluorophenol (Figure S1-S4). Next, Reversible Addition- 
Fragmentation Chain Transfer (RAFT) polymerisation should enable 
the controlled synthesis of the block copolymer p(mTEGMA)n–b–p 
(PFPMA)m to form block copolymer micelles, followed by the conver
sion into hydrophilic nanogels. Therefore, commercially available tri 
(ethylene glycol)methyl ether methacrylate (mTEGMA) was polymer
ized by the chain transfer agent 4–cyano-4-((phenylcarbonothioyl)thio) 
pentanoic acid and the initiator azobisisobutyronitrile (AIBN, 
Figure S5). Precipitation in hexane yielded the homopolymer p 
(mTEGMA)20 with an apparent number-average molecular weight (Mn, 

app) of 2700 g/mol and a narrow Ð of 1.22 (Figure S6 + S7 – SEC in THF 
with PMMA calibration). Afterwards, similar reaction conditions were 
applied during block copolymerization with PFPMA (Figure S8) yielding 
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a narrowly dispersed block copolymer with a Ð of 1.28 and apparent 
number-average molecular weight (Mn,app) of 10600 g/mol. Thereby, a 
significant shift of the block copolymer by size exclusion chromatog
raphy (SEC) compared to the homopolymer clearly attested the attach
ment of PFPMA to the homopolymer (Figure S11). Further 1H NMR and 
19F NMR spectroscopy characterization (Figure S9 and S10) confirmed 
the successful synthesis of the block copolymer p(mTEGMA)20-b-p 
(PFPMA)36. To ensure no interaction of the dithiobenzoate end groups 
with amines present during the nanogel formulation, the block copol
ymer was further reacted with an excess of AIBN (Figure S13). Here, the 
removal of the end groups was confirmed by UV–Vis spectroscopy but 
had no effect on the structural properties of the block copolymer 
(Figure S13-S15). 

In a final step, the block copolymer was partially functionalized with 
DBCO through aminolysis by DBCO-PEG4–amine (Fig. 1A and 
Figure S16). The modified block copolymer chains were targeted to be 

equipped with three DBCO-PEG4-units per chain and could then be 
isolated by precipitation in diethyl ether. Detailed characterization was 
conducted by 1H, 19F NMR and UV–Vis spectroscopy, as well as size 
exclusion chromatography (SEC, Figure S17-S19) which all confirmed 
the covalent conjugation of the DBCO group onto the p(PFPMA) block. 

For the preparation of fully hydrophilic nanogels, precursor micelles 
were prepared from p(mTEGMA)20-b-p(PFPMA)36 with or without 
additional DBCO modification. Both block copolymers could be self- 
assembled in DMSO by ultrasonication. As demonstrated in our earlier 
work, [14,19–25,54–57,64–66] the fluorophilic nature of the p 
(PFPMA)-block causes a phase separation in polar aprotic solvents 
affording block copolymer micelles that could be detected for the p 
(mTEGMA)20-b-p(PFPMA)36 block copolymers with or without DBCO by 
dynamic light scattering (DLS) in DMSO. The two systems provided 
narrowly distributed micelles with a z-average hydrodynamic diameter 
(Dz) between 20 to 30 nm and a PDI of 0.20. Interestingly, the DBCO 

Fig. 1. Preparation of core-functionalized DBCO nanogels from DBCO-containing reactive ester block copolymer. (A) Synthesis scheme for the controlled RAFT block 
copolymerization of p(mTEGMA) with PFPMA initiated by AIBN affording the block copolymer p(mTEGMA)20-b-p(PFPMA)36, followed by partial modification 
through aminolysis with DBCO-PEG4-amine. (B) Sequential fabrication process for the core-localized DBCO nanogels derived from the self-assembled precursor 
micelles in DMSO. The remaining reactive ester chemistry units enable the generation of tetramethylrhodamine dye (TMR)-labeled and core-crosslinked, hydrophilic 
nanogels. (C) Characterization data for the DBCO nanogels compared to nanogels without DBCO. In the UV-spectra of both TMR-labeled nanogels, the absorbance 
maxima around 300 nm can be related to the nanogel core-conjugated DBCO units. Dynamic light scattering (DLS) measurements of the precursor micelles and 
fabricated nanogels both with and without DBCO-conjugated. Subsequent transmission electron microscopy (TEM) images confirm the homogeneity of both nanogels 
with and without DBCO. 
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micelles tended to be slightly smaller, considering their lower degree of 
fluorination which governs the polymers’ self-assembly in DMSO 
(Fig. 1C and Figure S19). Following the synthesis concept of Fig. 1B (and 
Figure S20), the remaining PFP units were subsequently aminolyzed by 
traces of tetramethylrhodamine cadaverine (TMR) for dye labeling and 
0.5 equivalents of 2,2-(ethylenedioxy)bis(ethylamine) for cross-linking. 
Final hydrophilization by an excess of 2–aminoethanol, followed by 
purification via dialysis against millipore water supplemented with 0.1 
% ammonia resulted in two types of nanogels (NG and NG with DBCO). 
To ensure the integrity of the nanogels and their core-localized DBCO 
units, UV–Vis absorbance spectra and DLS measurement were recorded 
in millipore water containing 0.1 % ammonia (Fig. 1C and Figure S21). 
Thereby, both systems revealed the successful generation of TMR–la
beled nanogels with narrow monomodal distribution in a similar size 
range (Dz of 19.23 nm and 24.88 nm – the DBCO functionality does 
obviously not interfere with the nanogel later on, as the particle sizes 
were pre-determined by self-assembled smaller precursor micelles). In 
addition, the core-crosslinked nanogels could be imaged in dry state by 
transmission electron microscopy (TEM) and confirmed the presence of 
homogenously distributed spherically shaped nanoparticles. Interest
ingly, DBCO–functionalized nanoparticles illustrated a spherical 
morphology with slightly reduced contrast (Fig. 1C − perhaps the loss of 
fluorine content may slightly disturb the intramicellar nanophase sep
aration of the precursor micelles). 

With respect to the further preparation of drug-loaded or targeted 
nanogels, the accessibility of the nanogels’ DBCO-units during bio
orthogonal conjugation had to be confirmed. Consequently, a commer
cially available azide-modified fluorescent dye (Oregon Green 488 
azide, OG488 azide) was used for tracing its click attachment to the 
nanogel, while potentially unreacted dyes could be removed via spin- 
filtrations, particularly important for control nanogels that do not 
contain any DBCO-groups. The isolated nanogels were analyzed by 
UV–Vis and DLS measurement, showing an additional absorbance 
maximum at 496 nm only for the DBCO nanogels (Fig. 2B and 2C). In 
contrast, OG488 azide-treated control nanogels (NG) revealed only one 
absorbance maximum at 550 nm, derived from the conjugated TMR. In 
conclusion, the nanogels’ DBCO-groups can be addressed for click 

chemistry and represent an ideal candidate for selective drug delivery by 
post-modification inside the nanogels’ cores. This observation matches 
well with our recent observations on similar micelle-derived core- 
crosslinked and hydrophilized nanogels. They seem to provide a more 
porous structure and allow not only water to enter the nanoparticle but 
also other guest molecules to diffuse into the nanogel core [53]. 

2.2. Modification of DBCO nanogels with Azide-Trimannose for 
controlled MMR targeting 

Glycosylation can confer excellent targeting properties and conse
quently aid in understanding of a variety of cellular recognition pro
cesses. Due to its high specificity and effectiveness, mannosylation can 
be used for selective targeting of immune cells that highly express the 
mannose receptor, such as macrophages or dendritic cells, paving the 
way towards improved drug delivery and controlled immunotherapy 
[13,14,16,54–57]. Therefore, we aimed at conjugating azide-containing 
trimannose motifs [58,59] to the DBCO-functionalized nanogels (Fig. 3A 
and Figure S38). 

For comprehensive confirmation of successful trimannose conjuga
tion, the nanogels were further treated with an azide-functionalized 
fluorescent dye (AF488 azide) after the azide trimannose modification 
(Fig. 3A). If successful trimannose conjugation occurred first, the dye 
can afterwards not conjugate compared to previous experiments. 
Additional control reactions on nanogels without DBCO should serve as 
further proof for selective trimannose nanogel formation (Figure S38). 
Following the reaction scheme of Fig. 3A (and Figure S38), all nanogels 
were subsequently purified by excessive spin-filtration for removal of 
unconjugated compounds, and then characterized by DLS and UV- 
measurement. Trimannose conjugation or dye-labeling did not affect 
the size of the nanogels (Fig. 3B). 

Furthermore, DBCO nanogels solely treated with AF488 azide 
demonstrated a significant absorbance maximum at 496 nm (Fig. 3C). In 
stark contrast, DBCO nanogels which first reacted with azide trimannose 
led to the conversion of all potential DBCO–groups, and consequently no 
AF488 dye could be bound but was removed during the purification 
step. In case of control nanogel reactions without DBCO, a conjugation 

Fig. 2. Analyzing the accessibility of the nanogels’ core-localized DBCO-units. (A) Schematic reaction of the DBCO nanogel with the azide-containing fluorescent dye 
Oregon Green 488 azide (OG488 azide) compared to nanogels without core-localized DBCO. (B) UV–Vis spectra of the dye-functionalized DBCO nanogels, revealing 
an additional absorbance maximum at 496 nm only for the DBCO nanogels while the control nanogels show no reaction with OG488 azide. (C) DLS measurements of 
the DBCO nanogels and control nanogels before and after treatment with OG488 azide. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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with neither azide trimannose nor AF488 azide was observed. Thus, 
these UV–Vis spectrophotometry data confirm the successful azide tri
mannose conjugation to the DBCO nanogels (Fig. 3C). 

To assess the conserved bioactivity of trimannose towards interact
ing with the MMR/CD206 receptor and trigger a receptor-mediated 
cellular uptake for nanogels, we next performed in vitro experiments 
on Chinese Hamster Ovary cells that were genetically modified to ex
press the MMR/CD206 receptor (CHOMMR+), while wild type CHO cells 
without the MMR/CD206 receptor (CHOMMR-) served as controls. For 
this purpose, both cell lines were incubated with the trimannose- or 
AF488-modified DBCO nanogel samples or the control nanogels for 24 h 
at 37 ◦C and characterized by flow cytometry and fluorescence confocal 
microscopy analyses. Thereby, our in vitro tests confirmed an exclusively 
boosted cellular uptake of trimannose-conjugated DBCO nanogels by 
CHOMMR+ cells compared to CHOMMR-, visualized by the histogram plot 
(Fig. 3D) and mean fluorescence intensities (Fig. 3E), both recorded by 
flow cytometry. Control nanogels without DBCO showed no cellular 
uptake in both cell lines (Figure S49-S51). Based on the increased hy
drophobicity of the nanogel by conjugating the fluorescent dye AF488 to 
the DBCO group inside the nanogel core, the corresponding dye-labeled 
DBCO nanogels revealed an increased non-specific cellular uptake in 
both CHOMMR+ and CHOMMR- cells compared to the highly selective 
trimannose-conjugated DBCO nanogels (Figure S49-S51). We assume 
that the high amount of multiple aromatic moieties (DBCO and AF488) 
drastically increases the hydrophobicity which results in non-specific 
protein and membrane interactions, as observed earlier [63]. Alterna
tively, the hydrophilic carbohydrate click modification prevents this and 
instead mediates receptor specific binding. Carbohydrates can conse
quently also serve as a sufficient shielding domain, as we could observe 
before, too [54,55]. Our findings were further supported by confocal 
microscopy images of CHOMMR+ and CHOMMR- cells. All cells provided 
an internalization of AF488-labled DBCO nanogels, whereas 
trimannose-conjugation caused an exclusive cellular uptake in 
CHOMMR+ cells, confirming the successful targeting of the MMR/CD206 
receptor by trimannose, followed by nanoparticle cell internalization 
(Fig. 3F and Figure S52-S53). 

Altogether, the obtained results demonstrate the successful conju
gation of trimannose-species in the core of the DBCO nanogels by click 
reaction without affecting their ability to selectively target the MMR 
receptor on CHO cells, leading to an enhanced specific cellular uptake. 

2.3. Synthesis and characterization of an azide containing 2-Propionic-3- 
Methylmaleic anhydride linker for pH-Reversible amidation reaction 

Based on these promising results, we wanted to verify whether the 
DBCO group inside the nanogel can also be explored for pH–sensitive 
covalent drug loading. Disubstituted maleic anhydride systems show a 
high sensitivity to slightly acidic environments, such as the tumor 
microenvironment (pH ≈ 6.5), able to release conjugated amines in their 
native form. Due to these features, maleic anhydrides are often referred 
to as traceless linkers [36,60]. We have recently reported on a polymer 
maleic anhydride system with remarkable drug delivery performances 
for immunostimulatory drugs, however, only when equipped with sec
ondary amines [43]. To conjugate such a pH-sensitive linker into the 

core of our DBCO-functionalized nanogels, a disubstituted maleic an
hydride needs to be equipped with an additional azide functionality for 
biorthogonal DBCO click reaction. 

To this end, 2–propionic-3-methylmaleic anhydride was converted in 
a two-step reaction, starting with the transformation into a highly amine 
reactive acid chloride. Next, this reactive group was treated with the 
commercially available 11-azido-3,6–9-trioxaundecan-1-amine 
(Fig. 4A, Figure S22) affording a bifunctional linker that is both acces
sible for pH-reversible conjugation of secondary amines as well as azide 
click reaction to DBCO groups. With regard to this amidation reaction, 
we opted for the design of a stable amide bond as linker between the 
azide and the maleic anhydride than an ester bond. Thus, we circumvent 
premature ester hydrolysis that would compete with the acid-triggered 
drug release from the anhydride system. Finally, the resulted linker 
was characterized by 1H and 2D NMR spectroscopy as well as IR spec
troscopy measurement (Fig. 4B and Figure S23-S28). 

After successful synthesis of the bifunctional linker, we evaluated its 
pH–reversible amine conjugation for fluorescent dyes in organic sol
vents. In this context, the azide-containing 2–propionic-3-methylmaleic 
anhydride linker was dissolved in DMSO supplemented with triethyl
amine (TEA) and treaded with the synthesized secondary amine dye 4- 
nitro-7-piperazino-2,1,3-benzoxadiazole (NBD-PZ/NBD, Figure S29- 
S31) or the commercially available primary amine dye dansyl cadav
erine (Figure S32). Both fluorescent dyes demonstrated successful ami
dation of the anhydride system, although only the secondary amine 
containing NBD-PZ revealed an acidic release of the conjugated dye 
characterized by 1H NMR spectroscopy measurements (Fig. 4C). Inter
estingly, secondary amines led to the formation of two asymmetric 
regioisomers and, consequently, the α–methyl signal of the cis-oriented 
double bond splits into two sharp signals (Fig. 4C, Signal e, neutral – and 
MALDI ToF MS measurements, Figure S33). Followed acidification with 
trifluoroacetic acid (TFA) forced the reformation of the disubstituted 
maleic anhydride structure by generation of one sharp α–methyl signal 
and the release of NBD-PZ (Fig. 4C, Signal e, acidic). Contrarily, the 
reaction with the primary amine dye dansyl cadaverine showed the 
formation of a pH–resistant imide structure, as confirmed both by 1H 
NMR (affording one sharp α–methyl signal after amidation, Figure S34) 
as well as ESI-MS measurement (for the cyclized imide the molecular 
mass is reduced by 18 g/mol due to water elimination, Figure S35). 
These findings were again in agreement with our previous studies on 
polymeric maleic anhydrides also exhibiting an exclusive pH revers
ibility only upon reaction with secondary amines in DMSO [43]. 
Consequently, we focused our attention on the reversible conjugation of 
secondary amine–functionalized dyes and drugs during the following 
nanogel experiments. 

For the preparation of pH-reversibly dye-labeled DBCO nanogels, 
NBD-PZ-modified azide–functionalized maleic anhydride linkers were 
introduced to the core-localized DBCO units or added to the control 
nanogels (Fig. 4D). To ensure the absence of unconjugated linkers, all 
samples were analogously purified by extensive spin-filtration (MWCO 
10000 g/mol) with water supplemented with 0.1 % ammonia. Based on 
the previous fluorescent labeling of the azide-functionalized maleic 
anhydride linker, the nanogel dye modification could again be 
confirmed by UV–Vis spectroscopy, showing a further absorbance 

Fig. 3. Formulation of trimannose conjugated DBCO nanogels for specific targeting of the macrophage mannose receptor (MMR) in vitro. (A) Reaction scheme for the 
sequential attachment of trimannose and Alexa Fluor 488 azide (AF488 azide) to the DBCO nanogel core by click reaction. (B) DLS measurement of the trimannose 
(NG_DBCO_1) and AF488-labeled (NG_DBCO_2) nanogels as well as corresponding control nanogels without DBCO (NG_3 and NG_4), which were treated accordingly 
to the DBCO nanogels but cannot undergo any conjugation. (C) UV–Vis spectrophotometry data of the nanoparticles shows an additional absorbance maximum at 
488 nm only for NG_DBCO_2 solely treated with AF488 azide, while NG_DBCO_1 has previously been reacted with trimannose and, thus, shows no additional 
absorbance maximum. It can consequently be assumed to be successfully conjugated to trimannose. (D) Cellular histogram of CHOMMR+/MMR- cells incubated with 
trimannose-labeled DBCO nanogels and PBS as a reference at 10 µg/mL for 24 h (n = 3). (E) Mean fluorescence intensities (MFI) of CHOMMR+/MMR- cells incubated 
with TMR-labeled nanogels which were treated with trimannose and then AF448 azide (DBCO_NG_1 or NG_3) at 10 µg/mL for 24 h (n = 3). Only the DBCO_NG_1, 
accessible for trimannose click reaction, demonstrated a specific uptake in CHOMMR+ cells. (F) Confocal microscopy images of CHOMMR+/MMR- cells incubated with 
DBCO_NG_1 or NG_3 at 10 µg/mL for 24 h (red: TMR-labeled nanogels, blue: nuclei stained with Hoechst 33258). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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maximum at 480 nm only for the DCBO nanogels compared to the 
control nanogels (Fig. 4E). Additional treatment with TFA caused a 
successful release of conjugated NBD-PZ and removal during the 
following spin-filtration processes (Fig. 4E). All nanogels exhibited 
almost identical particle sizes after the treatment with the dye-labeled 
linker and slightly decreased by treatment with TFA (Fig. 4F). Thus, 

azide-containing 2–propionic-3-methylmaleic anhydride-based linkers 
represent ideal properties for pH–reversible conjugation of secondary 
amines and further modification of core-functionalized DBCO nanogels. 
Such pH-driven release scenarios may for instance become relevant with 
regards to intracellular endosomal drug delivery. 

Fig. 4. Synthesis of a bifunctional linker, accessible for pH-reversible conjugation of secondary amines and azide click reaction to DBCO core-functionalized 
nanogels. (A) Synthesis route for the fabrication of a pH-sensitive linker based on 2-propionic-3-methylmaleic anhydride with additional azide functionality, fol
lowed by pH-reversible dye-labeling with the fluorescent dye NBD-PZ/NBD. (B) 1H NMR spectrum of the pH-sensitive azide linker recorded in CDCl3. (C) 1H NMR 
spectra of the NBD–conjugated azide linker under neutral conditions and upon acidification showing the reversible conjugation and release of the fluorescent dye 4- 
nitro-7-piperazino-2,1,3-benzoxadiazole (NBD), in particular by the two asymmetric regioisomer signals of the α-methyl signal e that re-form again into one single 
sharp peak e upon acid-triggered anhydride formation. (D) Synthetic concept for the formation of pH-reversible NBD–labeled DBCO nanogels by reaction with the 
dye-conjugated azide linker. (E) UV–Vis spectroscopy measurements of the DBCO nanogel reacted with the NBD-labeled azide linker under neutral and acidic 
conditions (light green) compared to control nanogels treated with the dye-labeled linker (dark green). DBCO nanogels undergo a successful conjugation with the 
NBD-labeled linker (absorbance maximum at 480 nm) and release NBD after treatment with trifluoroacetic acid (TFA), while control nanogels remain unlabeled. (F) 
DLS measurement of the DBCO nanogels (light green) and control nanogels (dark green) that reacted with the dye-labeled linker as well as after treatment with TFA. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.4. Formation of pH-releasable immunostimulatory DBCO nanogels 

After having demonstrated efficient functionalization of DBCO 
nanogels with azide-clickable linkers which further provide additional 
pH-sensitive release properties for conjugated secondary amines, we 
used our bifunctional linker system for reversible covalent drug loading 
into our core-crosslinked nanoparticles. Potent small molecular activa
tors of the Toll-like receptor 7 and 8 (TLR 7/8) demonstrate an attractive 
drug category for cancer immunotherapy. Already presented by us in 
several studies, conjugation of TLR 7/8 agonists promote their selective 
immune stimulation spatiotemporally while reducing unspecific side 
effects. Unfortunately, after conjugation to nano-sized carrier systems 
the immunodrug IMDQ often lacks its high nanomolar drug activity 
[22,44,47,48,61,62]. Therefore, we investigated the immune stimula
tory profile of a pH-reversible IMDQ–loaded DBCO nanogel which 
would be able to release the conjugated drug under endolysosomal 
pH conditions by following the introduced bifunctional linker strategy 
(Fig. 5A). 

First, the imidazoquinoline-based TLR 7/8 agonist IMDQ was 
modified in a two-step reaction, generating a secondary amine (IMDQ- 
Me, Figure S40-S43) for pH-reversible conjugation to the azide-clickable 
linker system (Figure S44 and S45). Next, the linker-drug conjugate 
could be attached to the DBCO nanogels and compared to control 
nanogels with no DBCO-groups and, thus, unable for click reactions 
(Fig. 5A). Prior to the first in vitro test, unbound linker-IMDQ-Me- 
conjugate was removed for all samples − in analogy to the previous 
experiments − by spin–filtration and the resulting drug load verified by 

UV–Vis spectroscopy. Thereby, only DBCO-functionalized nanogels 
revealed a successful conjugation with typical IMDQ-Me drug absor
bances around 324 nm, corresponding to a drug loading of 3.1 wt% 
(Fig. 5B and Figure S48). 

To finally investigate the IMDQ-Me-mediated TLR7/8 activity, RAW- 
Dual macrophages’ reporter function was employed. Engineered RAW- 
Dual macrophages enable the screening of different TLR activities, for 
example, by evaluating the expression of embryonic alkaline phospha
tase in response to NF–κB activation. Thereby, secreted embryonic 
alkaline phosphatase (SEAP) can easily be detected by UV–Vis spec
troscopy of the cell culture supernatant after applying the Quanti Blue 
Assay. Consequently, RAW-Dual macrophages were incubated with 
increasing concentrations of the IMDQ-Me-linker-conjugated DBCO 
nanogel or soluble IMDQ–Me. Additionally, different control nanogels 
such as the empty nanogels (DBCO NG and NG) as well as nanogel (NG) 
treated with the linker-drug conjugate were analyzed. Remarkably, both 
the IMDQ-Me-loaded DBCO nanogel and soluble IMDQ-Me provided a 
strong TLR activation at the same sub-micromolar concentration range, 
while all empty controls induced no TLR stimulation and remained 
immunologically silent (Fig. 5D). The obtained results indicate for the 
first time similar TLR activation for a covalently bound agonist versus its 
soluble counterpart. This confirms successful acidic-triggered release of 
IMDQ-Me from the DBCO nanogel (presumably inside the endolyso
somes) and, thus, explains its equal stimulatory effect to soluble IMDQ- 
Me. Additionally, RAW-Dual cell viability was quantified by a MTT 
Assay. Thereby, all tested samples demonstrated no significant toxicity 
in the studied concentration regime (Fig. 5C). 

Fig. 5. In vitro evaluation of TMR-labeled DBCO nanogels with pH-reversibly attached immune stimulatory TLR 7/8 agonist IMDQ-Me. (A) Reaction strategy for the 
synthesis of immunodrug-loaded DBCO nanogels by treatment with IMDQ-Me-conjugated azide linker compared to nanogels without DBCO. (B) UV–Vis spectroscopy 
analysis of the fluorescently labeled DBCO nanogel before (dark green) and after pH–sensitive drug loading (light green). (C) Cell viability of RAW-Dual macrophages 
incubated with the drug-loaded DBCO nanogel, soluble IMDQ-Me, different control nanogels, as well as PBS and DMSO, quantified by MTT assay (n = 4). (D) TLR 7/8 
receptor activation of soluble IMDQ-Me and the pH–reversibly IMDQ-Me-loaded DBCO nanogel compared to the empty DBCO nanogel and control nanogels 
determined by Quanti Blue assay (n = 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Conclusion 

Overall, we have successfully demonstrated the RAFT-based syn
thesis and formulation of a core–functionalized DBCO nanogel platform 
serving as a chemically diverse toolbox for (reversible) bioorthogonal 
attachment of targeting units or small immunostimulatory molecules. In 
a subsequent controlled RAFT polymerization, reactive ester block co
polymers were synthesized and partially DBCO modified. Based on the 
self-assembly properties in DMSO, precursor micelles could be gener
ated, followed by amidation of the reactive ester side chains into core- 
crosslinked, hydrophilic nanogels. Besides the bioorthogonally well- 
addressable DBCO groups localized in the core, their sterical accessi
bility for click reactants corresponds well to the view of a more porous 
structure, as we could recently gain for similar micelle-derived core- 
crosslinked and hydrophilized nanogels [53]. In the current study, we 
could practice this with azide–functionalized dyes that could success
fully be covalently incorporated into the nanogel cores. Moreover, the 
nanocarriers’ potential for specific attachment of azide-containing 
bioactive groups was further demonstrated by the conjugation of a 
clickable trimannose as targeting unit for mannose-decorated immune 
cells, such as TAMs. First in vitro experiments demonstrated the selective 
delivery into MMR+ CHO cells and, thus, encouraged the development 
of further pH-releasable drug delivery systems. By the synthesis of an 
azide–containing 2-propionic-3-methylmaleic anhydride-based linker 
we afforded a bifunctional linker with the ability for pH-reversible 
conjugation of secondary amines in polar aprotic solvents, such as 
DMSO, and further DBCO click reaction to the nanogels. Subsequently, 
secondary amine-modified IMDQ-Me, a highly potent TLR 7/8 agonist, 
was conjugated to the linker and then attached to the DBCO nanogels. 
Remarkably, the pH–sensitive drug-loading resulted in strong TLR 7/8 
receptor stimulations in vitro that were of equal activity as the soluble 
drug itself. These finding underline the efficacy of the core–functional
ized DBCO nanogels as a carrier platform for the specific targeting of 
immune cells and the pH-reversible endosomal delivery potential for 
small immune modulators. Given the opportunities of introducing also 
stimuli-responsive cross-links, [64–66] the development of DBCO- 
functionalized nanogels may pave the way for novel multifunctional 
carrier systems for therapeutic applications in cancer immunotherapy. 

4. Associated content 

The Supporting Information is available free of charge at: Details on 
the instruments, materials and methods, experimental protocols, and 
further characterization data are demonstrated in Figure S1-S53. 
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