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ABSTRACT: The quest for new potent and safe adjuvants to skew and boost the immune response of 

vaccines against intracellular pathogens and cancer has led to the discovery of a series of small molecules 

that can activate Toll like receptors (TLRs). Whereas many small molecule TLR agonists cope with a 

problematic safety profile, Amphotericin B (AmpB) – an FDA-approved anti-fungal drug – has recently been 

discovered to possess TLR triggering activity. However, its poor aqueous solubility and cytotoxicity at 

elevated concentrations currently hampers its development as a vaccine adjuvant. We present a new class 

of transiently thermoresponsive polymers that in native state have a phase transition temperature below room 

temperature, but gradually transform into fully soluble polymers through acetal hydrolysis at endosomal pH 

values. RAFT polymerization afforded well defined block copolymers that self-assemble into micellar 

nanoparticles and efficiently encapsulate AmpB. Importantly, nanoencapsulation strongly reduced the 

cytotoxic effect of AmpB, but maintained its TLR triggering capacity. Studies in mice showed that AmpB 

loaded nanoparticles can adjuvant an RSV vaccine candidate with almost equal potency as a highly 

immunogenic oil-in-water benchmark adjuvant.  
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 3 

INTRODUCTION 

The traditional vaccination paradigm relying on weakened or killed version of pathogens is failing for a wide 

number of viruses (e.g. HIV, RSV) and bacteria (e.g. mTB) as well as for therapeutic anti-cancer vaccination. 

1 Therefore, novel strategies are endeavored based on subunit proteins and peptides to direct the immune 

response against more conserved epitope domains or epitopes that are not involved in immune escape 

mechanisms.2 Furthermore, adjuvants have become essential components in many vaccines to modulate 

the interaction between antigen presenting cells, T cells and B cells, thereby skewing and amplifying the 

adaptive immune response.3 Several molecular adjuvants work by binding to pattern-recognition receptors 

(PRRs), like the Toll-like receptors (TLRs), leading to the secretion of immunostimulatory cytokines and type-

I IFN.4,5 Over the years promising results have been achieved for small molecule agonists, in particular for 

TLR 4, 7, 8 and 9.6–12 Interestingly, a recent high content screening of 105 registered drug compounds by the 

David group has led to the identification of amphotericin B (AmpB) as activator of TLR 2 and 4.13 Owing to 

its well established safety record and FDA approved status, AmpB would be suitable for vaccine formulation. 

However, AmpB is poorly water-soluble and needs either covalent modification to render it more water soluble 

or encapsulation in polymeric and liposomal formulations.14–16 Despite its well established immunostimulatory 

properties17 to our knowledge no attempts have been made in formulating AmpB with the focus on its use as 

a vaccine adjuvant.  

With regard to the formulation of small molecule adjuvants there lies an important role for the delivery route 

to antigen presenting cells.18,19 Whereas water soluble molecular adjuvants hold the risk of systemic 

inflammation, nanoparticulate carriers can strongly limit this risk by directing the activity of molecular 

adjuvants to the immune-inducing sites in the draining lymph nodes20 as recently shown by our group7 and 

others.21,22 Despite its FDA-approved state, an important constraint of AmpB is it cytotoxic action within a 

concentration window that is relevant for adjuvant activity. Therefore, we sought for a strategy to formulate 

AmpB as nanoparticles under benign conditions to alleviate cytotoxicity but retain its adjuvanticity.  

In this paper we develop a novel type of transiently thermoresponsive block copolymer23 nanoparticles to 

formulate AmpB (Scheme 1A) in the hydrophobic nanoparticle cavity (Scheme 1B). Such polymers 

reversibly form nanoparticles starting from a cooled polymer solution followed by a mild temperature increase 

not higher than ambient conditions, but lose this property – i.e. become fully water-soluble irrespective of 

temperature – as consequence of an alteration of the polymer side chain or backbone triggered by a 

physiologically relevant stimulus.23,24 The endosomal acidic pH of 5-5,5 is attractive to trigger such 

nanoparticle degradation and acetal/ketal chemistry has been used to serve this purpose. 25,26 Much research 
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 4 

is done on polyacetal/ketal synthesis by step-growth polymerization.27–31 However, much less has been 

reported on acid-sensitive vinyl monomers that can be polymerized via controlled (radical) polymerization 

methods, with virtually no systems being reported which allow for degradation over an acceptably short 

timeframe within a physiologically relevant pH window.26,32,33 

 

 

 

Scheme 1. (A) Molecular structure of Amphotericin B. (B) Schematic representation of AmpB encapsulation in acid-

sensitive transiently thermoresponsive nanoparticles. (C) Synthesis and RAFT (block co) polymerization of HEAmTHP.  

 

 

 

 

 

RESULTS AND DISCUSSION 
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 5 

We engineered the water-soluble acrylamide 2-hydroxyethylacrylamide (HEAm), a readily available 

hydrophilic monomer, with an acid-sensitive hydrophobic acetal moiety using 3,4-dihydro-2H-pyran (DHP),  

known from protecting group chemistry,34 yielding N-[2-[(tetrahydro-2H-pyran-2-yl)oxy]ethyl]-

acrylamide(HEAmTHP) (Scheme 1C). The applicability of the DHP group to form acid-degradable monomers 

through acetal linkage has been explored earlier by Klaikherd and co-workers35 on methacrylates (i.e. 2-

hydroxyethylmethacrylate (HEMA)), yielding acid-degradable, but fully hydrophobic, polymers. In our 

endeavors to design transiently responsive polymers, the use of acrylamides instead of (meth)acrylates, 

takes advantage of the presence of the amide moiety which gives the repeating units a more hydrophilic 

character, through hydrogen bonding with water molecules below the phase transition temperature (for the 

sake of simplicity denoted as Tcp, cloud point temperature, further in this paper) of the polymers. However, 

dehydration of the acrylamide side chains on its turn should provide a driving force for globule formation 

above a critical Tcp.24,36,37  

Reactions were conducted at low temperature using equimolar amount of HEAm and DHP. Excess DHP 

resulted in lower yields due to formation of a side product, possibly formed by an “inverse demand” Diels-

Alder reaction between the alkene of DHP and the vinyl group of HEAm. NMR spectra of the purified 

monomer are provided in (Figure S1). MS analysis and the proposed structure of the aforementioned side 

product are shown in Figure S2. Degradability of the monomer in acidic buffer at pH 5 was confirmed by 1H-

NMR analysis (Figure 1A) showing the shift of the acetal proton (b) to the lactol proton (c). The pH-dependent 

hydrolysis rate is evaluated in aqueous buffers at pH 5 and 7.4 representing lysosomal and physiological pH 

conditions, respectively, by HPLC analysis (Figure 1B). Whereas a half-life of less than 24h was observed 

at pH 5, minimal hydrolysis was observed at pH 7.4, even after extended periods of time.  
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 6 

 

Figure 1. Reaction scheme (A1) and 1H-NMR spectra (A2) of HEAmTHP before and after hydrolysis in deuterated 

buffer at pH 5. The most relevant H-peaks for hydrolysis are indicated in red. The peak annotated with “d” corresponds 

to the protons attached to the α-C of 5-hydroxypentanal which is only formed in very small amounts. (B) Degradation 

profiles in function of time of HEAmTHP and pHEAmTHP42 (P01) at pH 5 and pH 7.4 analyzed by HPLC or NMR. (C) 

Mean particle diameter (red) and scattering intensity (blue) profiles in function of temperature analyzed by DLS at 5 

mg/mL in PBS for pHEAmTHP42 (P01). (D) Transmittance profiles of pHEAmTHP42 (P01) dispersions in function of 

temperature at different time points during hydrolysis at pH 5 (D1) and pH 7.4 (D2) analysed by turbidimetry. (E) 

Temperature induced self-assembly of P6 (p(HEA110-HEAmTHP47)) shown as average volume diameter (red) and scattering 

intensity (blue) in function of temperature measured by DLS in PBS. (F) pH dependent hydrolysis and disassembly of 

nanoparticles based on P6. Volume mean diameter (red) and scattering intensity (blue) as function of time at pH 5 (F1) 

and volume mean diameter (F2) at 2 different time points measured at pH 5 (red) and pH 7.4 (blue). 

 

Homopolymers of HEAmTHP were synthesized by Reversible Addition-Fragmentation Chain Transfer 

(RAFT) polymerization using 2-(butylthiocarbonothioylthio)propionic acid (PABTC) as chain transfer agent 

(CTA), aiming at a degree of polymerization (DP) of 50 or 100 (Table 1). As an example, the 1H NMR spectra 

of the purified polymers are shown in Figure S4. Based on 1H NMR analysis of the monomer conversion a 

theoretical DP of 42, 66 was calculated for pHEAmTHP. For the sake of clarity, further on in this paper, the 

theoretical DP values will be mentioned in subscript when referring to a specific polymer. According to size 
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 7 

exclusion chromatography (SEC) analysis, narrowly dispersed polymers were obtained, with dispersity (Ð) 

values of 1.12 and a number average molecular weight (Mn) of 8,6 and 13,4 kDa for pHEAmTHP42 (P01) and 

pHEAmTHP66 (P02), respectively. (Table 1, Figure S5). The thermoresponsive properties of the polymers 

were measured by dynamic light scattering (DLS) (Figure 1C and Figure S6) at a polymer concentration of 

5 mg/mL in phosphate buffered saline (PBS; pH 7.4, 0.15 M NaCl) and revealed a cloud point temperature 

Tcp well below room temperature. The transiently thermoresponsive behavior properties – i.e. a gradual shift 

in Tcp upon hydrolysis of the pending THP moieties -  of the polymers was investigated by turbidimetry on a 

colloidal suspension of pHEAmTHP (P01 or P02) at 37 °C (Figure 1D and Figure S7). A clear shift in Tcp 

was found which proves that pHEAmTHP loses its hydrophobic properties to become fully soluble irrespective 

of temperature.  

 

Table 1. Polymer composition and properties of the synthesized (block co)polymers. 

No.  CTA 
M:CTA 

conversion 
(%) 

DPa 
Mn

a 

(kDa) 

Mn
b 

(kDa) 
Ð 

[HEA] [HEAmTHP]      

P01 pHEAmTHP42 PABTC  50:1 83.8 42 8.6 7.4 1.12 

P02 pHEAmTHP66 PABTC  100:1 66 66 13.4 12.1 1.12 

P03 pHEA78 PABTC 100:1  78 78 9.3 17.5 1.14 

P04 pHEA110 PABTC 150:1  73 110 13.0 21.9 1.17 

P1 p(HEA78-HEAmTHP19) pHEA78  21:1 93 19 13.1 21.5 1.16 

P2 p(HEA78-HEAmTHP38) pHEA78  40:1 94 38 16.9 23.0 1.16 

P3 p(HEA78-HEAmTHP53) pHEA78  60:1 88 53 19.9 25.1 1.16 

P4 p(HEA78-HEAmTHP70) pHEA78  83:1 85 70 23.2 26.9 1.14 

P5 p(HEA110-HEAmTHP26) pHEA110  30:1 87 26 18.6 27.3 1.17 

P6 p(HEA110-HEAmTHP47) pHEA110  54:1 87 47 22.4 29.8 1.15 

P7 p(HEA110-HEAmTHP70) pHEA110  85:1 82 70 27.0 30.9 1.17 

P8 p(HEA110-HEAmTHP87) pHEA110  116:1 75 87 30.3 35.4 1.15 

aCalculated based on 1H NMR spectroscopy data. bDetermined by SEC in DMAc using PMMA for calibration. 

 

Amphiphilic block copolymers containing pHEAmTHP as responsive block were synthesized by RAFT 

polymerization as shown in Scheme 1. For the hydrophilic segment, 2-hydroxyethylacrylate (HEA) was 

selected, using a pHEA macroCTA approach, as it was – at least in our hands – not possible to obtain block 

copolymers using pHEAm as macroCTA. Neither was it possible to chain extend pHEAmTHP with HEAm. 

We attribute this to incompatibility issues between the respective monomers and the solvent system used for 

RAFT polymerization. Similar issues were also encountered recently within our laboratories and could also 
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 8 

be resolved by combining acrylates with acrylamides.38 A pHEA macroCTA was synthesized (Figure S8 for 

1H NMR) with a targeted DP of 100 and 150, and the polymerization reaction was stopped before 80 % 

conversion to ensure good chain end fidelity. 1H NMR analysis revealed a theoretical DP of 78 and 110, 

respectively. SEC analysis (Figure S10, red curves) confirmed the polymers to be narrowly dispersed, Ð of 

1.14 and 1.17, with absence of tailing (Table 1). Next, the pHEA macroCTAs were used for the synthesis of 

a series of block copolymers (Table 1, Figure S9 and S10). The chain length of the hydrophobic block was 

varied to investigate its influence on the self-assembly behavior, temperature responsiveness, degradation 

rate and ability to encapsulate hydrophobic compounds. SEC analysis of these block copolymers revealed 

that all were obtained with a narrow dispersity, giving proof of well controlled block copolymerization (Table 

1 and Figure S10).  

The influence of the hydrophobic chain length and total chain length on the self-assembly behavior was 

investigated in aqueous medium. An overview of these results is given in Table 2. Interestingly, all pHEA-

HEAmTHP block copolymers were able to self-assemble into small and defined micellar nanoparticles with 

low polydispersity and Z-average values ranging from 26 nm to 36 nm for polymers P1-P4 and from 28 nm 

to 42 nm for polymers P5-P8 at 37 °C in PBS. An increase in HEAmTHP chain length resulted in an increase 

in particle size (Figure S11). The influence of temperature on the self-assembly behavior of the block 

copolymers was measured by DLS (Figure 1E) where a strong influence of the polymer chain length on the 

phase transition temperature was observed, with shorter polymer chain lengths yielding a higher Tcp value. 

The critical association concentration (CAC) was determined via pyrene assay and also indicated a strong 

influence of the HEAmTHP content. Overall, a compelling correlation was seen between the hydrophobic 

chain length and the hydrodynamic diameter, the Tcp and CAC (Table 2, Figure S11), with decrease in CAC 

and Tcp upon increasing hydrophobic content. The latter, together with the ease of particle formation that 

proceeds via mere dissolution of the block copolymers in cold (i.e. below the Tcp) PBS followed by heating 

to room temperature, makes the HEA-HEAmTHP polymer combination an appealing system for drug 

formulation. The effect of the pH dependent acetal hydrolysis on the nanoparticle stability was investigated 

by DLS at pH values of 7.4 and 5. As shown in Figure 1F, the nanoparticles are stable at pH 7,4, but gradually 

disassemble in acidic medium (Figure 1F1), finally resulting in soluble unimers (Figure 1F2).  
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 9 

Table 2. Overview of the supramolecular properties of synthesized pHEAx-HEAmTHPy block copolymers. 

 H2O PBS Tcp (°C)1 
CAC 

(µg/mL)2 

  25°C 5°C 25°C 37°C   

  Z-average (nm) PdI Z-average (nm) PdI Z-average (nm) PdI Z-average (nm) PdI   

P1 12.7 ±0.3 0.19 5.8 ±0.4 0.63 19.9 ±0.1 0.11 26.3 ±0.6 0.24 22 38,2 

P2 14.1 ±0.3 0.21 7.4 ±0.7 0.53 27.5 ±0.3 0.05 29.2 ±0.5 0.03 10 23,0 

P3 13.0 ±0.3 0.18 7.8 ±0.2 0.50 35.7 ±0.2 0.04 35.4 ±0.1 0.04 8 10,4 

P4 29.4 ±4.9 0.40 7.8 ±0.3 0.31 41.3 ±1.1 0.06 36.1 ±1.6 0.06 5 8,47 

P5 14.0 ±0.4 0.36 7.5 ±0.6 0.64 25.9 ±0.4 0.10 27.9 ±0.1 0.08 13 40,2 

P6 14.2 ±0.2 0.20 7.9 ±0.3 0.72 32.0 ±0.1 0.07 32.5 ±0.1 0.02 9 16,9 

P7 12.5 ±0.2 0.09 7.9 ±0.4 0.62 35.5 ±0.3 0.05 36.3 ±0.04 0.03 8 8,71 

P8 18.3 ±0.3 0.18 47.5 ±11 0.33 54.8 ±0.8 0.13 42.4 ±0.3 0.01 5 5,53 

1 Measured in PBS at 5 mg/mL; 2 Dilutions made in 0.1 M phosphate buffer, measurement done in triplicate 

 

Next, we aimed at investigating the potential of our transiently responsive polymer system as a nanoscopic 

delivery system in a biomedical context. Initially, we assessed whether the block copolymer micelles could 

entrap a hydrophobic payload and deliver this to dendritic cells (DCs). DCs, as the most potent antigen 

presenting cells, are the prime target in the scope of formulating an adjuvant nanocarrier.5,19 In first instance 

we made use of the hydrophobic fluorescent dye, 1,4-bis[1-cyano-2-(diphenylamino)phenyl)vinyl]benzene 

(DSB),39 as a model compound for physical encapsulation in order to visualize intracellular uptake. 

Encapsulation of DSB in pHEAx-HEAmTHPy nanoparticles was accomplished by solvent diffusion from 

acetone into PBS. Quantification of the amount of encapsulated DSB was done by UV-Vis spectroscopy after 

filtration to remove non-encapsulated precipitated dye and freeze drying (Figure S12). Control experiments 

were performed in only PBS without block copolymer while using P03 without polyHEAmTHP segment as a 

hydrophilic-only control. All pHEA-HEAmTHP block copolymers were able to encapsulate the hydrophobic 

DSB to a similar extent. Also, merely hydrophilic pHEA homopolymer could stabilize DSB, albeit to a much 

lesser extent. From these results, P6 was chosen to assess whether these block copolymers could increase 

the intracellular delivery of the hydrophobic DSB. For this purpose, DC2.4 (an immortalized mouse dendritic 

cell line) cells were pulsed with DSB formulated either in P6 nanoparticles or in P03 as a control. 

Subsequently, confocal microscopy was used to monitor the intracellular fate of the DSB. From Figure 2A, 

it is clear that DSB formulated with P6 leads to a punctuated intracellular fluorescence pattern (green dots), 

whereas no uptake of DSB could be observed in cells pulsed with DSB admixed with polyHEA. Note that 

both images were recorded and processed using identical settings.  

Page 9 of 27

ACS Paragon Plus Environment

Bioconjugate Chemistry

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



 10 

Encouraged by the observed superiority of P6 nanoparticle system in effectuating the intracellular uptake of 

a hydrophobic compound by DCs in comparison to free component, we use this block copolymer for the 

formulation of AmpB, which was the primary target compound in our study. In a first series of experiments, 

we screened different conditions to formulate AmpB using P6. Due to the limited solubility of AmpB in most 

organic solvents,14 solvent diffusion from DMSO into PBS was selected. We initially selected diluting a DMSO 

solution with PBS. Variations were made in the concentration of AmpB and polymer (P6), and in AmpB to 

polymer ratio (i.e. 1:10, 1:2 or 1:1). A graphical overview of these results can be found in Figure S15. 

Quantification of the encapsulated AmpB content was done by UV-Vis spectroscopy. For the latter, 

formulations were diluted with DMSO to release AmpB from the micelles, which yielded a typical multi-peak 

absorbance spectrum of AmpB shown in Figure S13. Encapsulation efficiency was found to increase with 

increasing polymer concentration. At lower polymer concentrations (1 mg/mL and 5 mg/mL) the 1:2 

AmpB:polymer ratio yielded the best results regarding absolute encapsulated AmpB amount. This was 

however not the case for polymer concentrations at 10 mg/mL, as the 1:10 ratio proved to be most efficient. 

In this respect, the 1:10 ratio and a polymer concentration of 10 mg/mL was selected for further experiments 

based on the good encapsulation efficiency and absolute encapsulated concentration. Control experiments 

were performed in a similar fashion without block copolymer or only hydrophilic pHEA. In those cases, no 

AmpB was detected by UV-VIS after filtration indicating that amphiphilic block copolymers were necessary 

to efficiently solubilize AmpB. The above-elucidated optimal formulation conditions were used to evaluate the 

influence of hydrophobic chain length and total chain length of pHEAx-HEAmTHPy block copolymers on 

AmpB loading efficiency. Comparable results were obtained for encapsulation efficiency ranging between 35 

% and 50 % (Figure S16), indicating that all polymers are suitable to prepare formulations. Overall, both P2 

and P6 were found to be most suitable for formulating AmpB based on the polymer properties and 

encapsulation efficiency. The formulation method was further optimalized and scaled-up for P6. Finally up to 

95 % of AmpB encapsulation was achieved by dropwise addition of a concentrated AmpB solution in DMSO 

into the polymer dispersion under vigorous stirring. The formulations were dialysed to remove the DMSO and 

freeze dried to have it in dry powderish form which could easily be redispersed in PBS to give a stable AmpB-

NP formulation (Figure S17). 

Page 10 of 27

ACS Paragon Plus Environment

Bioconjugate Chemistry

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



 11 

 

Figure 2. (A) Confocal microscopy images of DCs pulsed at 37°C with DSB (green channel) formulated with P6 (A1) 

or P03 (A2). Cell membrane staining was done with AlexaFluor555 conjugated cholera toxin B (red channel) and cell 

nuclei staining was done with Hoechst (blue channel). Images are confocal xy section with the corresponding 

orthogonal xz and yz planes. Identical settings for excitation power, detection sensitivity and contrast were used for 

recording. Scale bar represents 10 µm. (B) In vitro cytotoxicity of AmpB-NP(P6), free AmpB and unloaded polymer 

(P6) on murine RAW 264.7 macrophages after 24h incubation. The graph shows the cell viability as measured by MTT 

assay. Cell viability of PBS treated cells was set as 100%. (n=6, mean + SD). (C) NF-κB induction in RAWBlue cells 

pulsed with a concentration range of AmpB, AmpB-NP (P6), and empty NP (P6) control. NF-κB activity presented 

relative to secreted embryonic alkaline phosphatase (SEAP) production detected by QUANTI-Blue assay. Note 

that these experiments were performed with nanoparticles (NP) composed of P6 (n=6, mean + SD). The black arrow 

highlights the drop in activity that is due to cytotoxicity.  

 

To evaluate the adjuvant properties of AmpB loaded nanoparticles we firstly evaluated the in vitro cytotoxicity 

of our formulations in a murine RAW 264.7 macrophage cell line. The MTT assay indicated (Figure 2B) no 

cytotoxicity for both the polymer and the AmpB formulations over a concentration range from 0.1 – 30 µM. 

By contrast, AmpB in soluble form, i.e. diluted from DMSO in cell culture medium, was (highly) toxic with an 

LC50 value at approximately 4 µM. Note that this effect was not due to the presence of the minimal amount 

of DMSO used to primarily dissolve the AmpB, as a control experiment comprising only DMSO did not show 
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any cytotoxicity. Moreover, the cytotoxic effect of AmpB as such has been reported earlier by others as 

well.40,41 Interestingly, AmpB formulated in P6 did not cause any cytotoxicity, at least not within the operated 

experimental window. The most commonly accepted mechanism of action and toxicity involves the formation 

of ion channels40,42,43 and is related to the physical state of the drug.14,44,45 It has been reported by various 

researchers that at low AmpB concentrations, where AmpB is in its monomeric form, it is less toxic towards 

mammalian cells. In contrast, above certain concentrations, when self-associated AmpB species form, it is 

nonselective and evokes cell lysis in both mammalian and fungal cells.14,15,44 However, binding conclusions 

cannot be drawn from earlier reports studying this link due to presence of toxic solvents or surfactants in their 

experiments.14,45 The non-toxic behavior of the AmpB loaded nanoparticles could imply that the pHEA-

HEAmTHP block copolymers stabilize the AmpB in its monomeric form, thus making it non-toxic towards 

murine macrophages. 

Second, we tested the ability of the formulations to induce TLR activation using the RAW-Blue reporter cell 

line. These are murine derived RAW 264.7 macrophages that secrete an alkaline phosphatase (SEAP) upon 

activation of NF-κB, e.g. after TLR stimulation. A comparison is made between free AmpB and AmpB loaded 

micelles of block copolymer P6. Empty micelles were included as a control. NF-κB activity is presented as 

an increase in optical density, measured at 620 nm, relative to the negative control. The results in Figure 2C 

indicate that P6 based AmpB formulations can activate NF-κB. The absence of stimulation when only polymer 

is present shows that the activity is linked to AmpB released from the nanoparticle and not to the polymer. 

Free AmpB in its soluble monomeric form is at low concentration, below 1 µM, more potent in TLR activation 

than in micelle-encapsulated form. However, at concentrations above 1 µM, TLR activation of the soluble 

AmpB drops. Most likely this drop results from the detrimental effect of free AmpB on cell viability at 

concentrations above 1 uM (Figure 2B). The underlying reason for the reduced TLR agonistic activity of 

AmpB loaded NP in comparison with free AmpB is likely a more efficient triggering of the cell membrane 

bound TRL2/4 in soluble form than in micelle-encapsulated form.5,46 However, more importantly, micelle-

encapsulation allows for the use of higher AmpB concentrations, reaching overall a more potent TLR 

triggering (as the measured OD values of micelle-encapsulated kept on increasing above the value reached 

at 1 µM of soluble AmpB) while avoiding toxicity issues. 

Encouraged by these findings, the final aim of this study was to evaluate the potential of AmpB loaded 

nanoparticles as a vaccine adjuvant in vivo. To this end we prepared vaccine formulations by admixing 

nanoparticles based on P6 with an antigen derived from human respiratory syncytial virus (RSV). RSV is one 

of the leading causes of airway infections worldwide and is the leading cause of infant hospitalization.48 
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Although in most cases RSV causes mild upper respiratory tract infections, the virus can also spread the 

lower respiratory tract, which, in infants, can lead to bronchitis and increased risk of recurrent wheezing and 

allergic asthma at a later age.49 The inability of natural RSV infection to elicit protective immunity and the 

observation that individuals with RSV-neutralizing antibodies in their serum can be reinfected with RSV has 

hampered vaccine development. One RSV vaccine candidate, which is currently evaluated in a phase I trial, 

is based on the extracellular part of the small hydrophobic protein  (SHe) of RSV.50 Interestingly, the 

mechanism of action of SHe-based vaccination does not rely on neutralizing antibodies but rather on binding 

of anti-SHe antibodies to the surface of infected cells and subsequent induction of antibody-mediated cell 

killing or phagocytosis. SHe is naturally poorly immunogenic and to explore its potential as a protective 

vaccine antigen, the immunogenicity of SHe has to be boosted. In our present study, we made use of a SHe-

KLH (KLH: keyhole limpet hemocyanin) fusion protein that was previously reported to elicit SHe-specific 

antibodies that can control RSV replication in a mouse model.50 DLS analysis showed no influence of the 

presence of the SHe-KLH protein on the colloidal stability of the nanoparticles (Figure S19). 

As well established adjuvant formulation, we opted for Sigma Adjuvant System (SAS), which is a 

commercially available oil-in-water emulsion based on squalene as oil phase stabilized with Tween80 as 

surfactant. Furthermore, it contains monophosphoryl lipid a (MPLA) from Salmonella minnesota and synthetic 

Trehalose dicorynomycolate (TDM). SAS is therefore comparable to the Ribi adjuvant and Freund’s adjuvant 

system, and often used for preclinical models, e.g. to assess the potency of new adjuvant systems against a 

very competitive benchmark. In our present experiments formulations were prepared by admixing KLH 

conjugated SHe-antigen with the respective adjuvants systems. She-KLH antigen only, antigen admixed with 

empty (i.e. non-AmpB loaded) nanoparticles and a PBS were included as controls. Note that it was impossible 

to prepare an antigen + free AmpB formulation due to the inability of AmpB to dissolve in aqueous medium 

at the required concentration for immunization. Cohorts of 5 BALB/c mice per group were immunized 

subcutaneously with one prime and one boost injection. Total anti-RSV SHe IgG antibody titers in serum 

were determined pre- and post-immunization and the dilution curves measured by a SHe-peptide based 

ELISA (enzyme linked immunosorbent assay) are depicted in Figure 3A-B. In addition, the end point titers 

are shown in Figure 3C. From these data, it is clear that antigen only and antigen formulated with empty 

nanoparticles are poorly immunogenic and only raise detectable antibody titers after the boost immunization. 

These findings also point out the low immunogenicity of the nanoparticles themselves. By contrast, antigen 

adjuvanted with SAS or AmpB-loaded nanoparticles induce robust antibody responses from the prime 

immunization onwards that are further increased upon the booster immunization. No significant differences 
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in SHe-specific antibody titers were observed between SAS and AmpB-loaded nanoparticles. This 

underscores the potency of the newly developed AmpB-loaded nanoparticles which does not involve bacteria 

cell wall components and are based on AmpB, an established and FDA approved drug molecule. To 

investigate whether the deployed immunization strategy could counteract RSV infection, mice were 

challenged with 106 plaque-forming units (PFU) of HRSV A2 followed by dissection of the lungs 5 days post-

infection and measuring viral lung titers in an in vitro plaque formation assay.50 As depicted in Figure 3C, 

immunization with antigen adjuvanted with either SAS or AmpB-loaded nanoparticles significantly lowered 

RSV replication in the lung, again pointing out the excellent performance of our presently reported adjuvant 

system compared to a potent benchmark adjuvant.  

 

Figure 3. Serum dilution curves after (A1) prime and (A2) boost immunization and (A3) end-point titers tested 

in a SHe peptide ELISA assay. (n=5) (B) Number of plaque forming units (PFU) in the lungs of immunized 

mice that had been challenged with RSV. (n=5) (*<0,0001; student t-test against PBS group). The results 

shown are from a single in vivo experiment. 
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Summarizing, a novel non-toxic acid-degradable, transiently thermoresponsive block copolymer system was 

synthesized based on the modification of the hydrophilic 2-hydroxyethyl acrylamide (HEAm) with 

tetrahydropyran via degradable acetal bonds. Controlled polymerization by RAFT resulted in well-defined 

block copolymers. Degradation studies showed that the acetal moiety of the monomers and the polymers 

made thereof were prone to hydrolysis under acidic conditions in a relevant pH and time framework, but 

remained intact at physiological pH. All pHEA-HEAmTHP block copolymers formed small, 20-40 nm, micellar 

structures in PBS and degraded fast to fully soluble polymer at acidic pH. A strong correlation was observed 

between the hydrophobic chain and the temperature responsiveness and the CAC.  

The nanoparticle system was shown to be very efficient in solubilizing hydrophobic compounds and 

enhancing their intracellular delivery. Importantly, nanoparticle formulation abrogated the cytotoxicity of 

Amphotericin B, while retaining it immunomodulatory properties as a TLR agonist. In vivo immunization 

experiments in mice using a poorly immunogenic SHe-KLH fusion protein as a newly found promising RSV 

antigen showed the induction of robust antibody response and reduction of viral lung titers to the same extent 

as antigen adjuvanted with a very strong benchmark adjuvant. Taken together we have reported in this paper 

on a novel class of pH-degradable polymers that are highly efficient in formulating hydrophobic compounds. 

Exemplified for Amphotericin B, it dramatically reduces the cytotoxicity of this small molecule but retains its 

Toll like receptor agonist activity in vitro and holds excellent vaccine adjuvant properties in mouse models.  

 

 

 

 

 

 

 

 

 

EXPERIMENTAL PROCEDURES 

Synthesis of N-[2-[(tetrahydro-2H-pyran-2-yl)oxy]ethyl]-acrylamide (HEAmTHP) 
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Camphorsulfonic acid (1.630 g, 7.02 mmol) and N-(2-hydroxyethyl)acrylamide (7.5 mL, 70.2 mmol) were 

dissolved in 100 mL dry DCM. To this mixture 3,4-dihydro-2H-pyran (7.68 mL, 70.2 mmol) was added 

dropwise at 0°C. The reaction mixture was allowed to stir at RT under N2. After 3h the reaction is quenched 

by addition of TEA. The mixture was concentrated in vacuo, dissolved in ethyl acetate and filtered. The filtrate 

was concentrated and purified by column chromatography (DCM/MeOH - 98:2 + 1% TEA) to give 11.9 g 

(85% yield) of a clear viscous oil. 1H-NMR (300 MHz, DMSO-d6) δ ppm 1.38 - 1.52 (m, 4 H) 1.56 - 1.66 (m, 

1 H) 1.66 - 1.84 (m, 1 H) 3.21 - 3.32 (m, 2 H) 3.36 - 3.47 (m, 2 H) 3.58 - 3.68 (m, 1 H) 3.73 (ddd, J=11.16, 

7.86, 3.20 Hz, 1 H) 4.56 (t, J=3.58 Hz, 1 H) 5.50 - 5.62 (m, 1 H) 6.07 (dd, J=17.05, 2.35 Hz, 1 H) 6.25 (dd, 

J=17.05, 10.08 Hz, 1 H) 8.16 (br. s., 1 H). 13C-NMR (75 MHz, DMSO-d6) δ ppm 164.66, 131.72, 125.03, 

98.05, 65.41, 61.39, 38.71, 30.19, 24.99, 19.15. (ESI-MS) m/z = 200.1281 [M+H+]. 

Determination of hydrolysis rate of acetal bearing monomers.  

Monomer solutions were prepared at 5 mg/mL in 100 mM acetate buffer pH 5 and 100 mM phosphate buffer 

pH 7.4 in triplicate. A trace amount of hydroquinone monomethyl ether (200 ppm) was added to avoid 

polymerization. The solutions were stirred at 37°C. At regular time points samples are taken by diluting 20 

µL of the hydrolysis solution into 180 µL 100 mM phosphate buffer pH 7.4 and stored at -18°C. Prior to 

injection the samples were diluted 50 times with eluent and analyzed by HPLC using water/acetonitrile 60:40 

as eluent, with the flow rate set at 0.2 mL/min and detection at 207 nm. Assessment of the hydrolysis rate 

was done taking the ratio of molar concentrations of the compounds (equation 1) calculated from calibration 

curves for HEAmTHP and HEAm (Figure S3). 

% ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =  
[𝐻𝐸𝐴𝑚]

([𝐻𝐸𝐴𝑚]+[𝐻𝐸𝐴𝑚𝑇𝐻𝑃])
∗ 100   eq. 1 

RAFT homopolymerization of HEAmTHP  

pHEAmTHP42 and pHEAmTHP66 were synthesized following the same protocol with only altering the amount 

of PABTC and AIBN. As an example, the protocol for pHEAmTHP42 is given here. A Schlenk tube was loaded 

with HEAm-THP (600 mg, 3 mmol), 2-(butylthiocarbonothioylthio)propanoic acid (PABTC) (14.35 mg, 0.06 

mmol) and AIBN (1.97 mg, 0.012 mmol) and dissolved in dry DMF (2M). The mixture was degassed by five 

freeze-pump-thaw cylces and immersed in a pre-heated oil bath at 80°C under vigorous stirring. After 1h the 

reaction was quenched by cooling and exposure to air. The resulting polymer was isolated by repeated 

precipitations in ice-cold diethyl ether with acetone for re-dissolving the polymer. The precipitated polymer 

was dried under vacuum to give 300 mg yellow powder. Samples were taken before and after the 

polymerization and analysed by 1H NMR to determine monomer conversion. Polydispersity of purified 
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polymer was analyzed by size exclusion chromatography (SEC). 1H-NMR (300 MHz, DMSO-d6) δ ppm 1.25–

2.55 (m, 9H), 3.34–3.47 (br.s, 2H), 3.48-3.68 (br.s, 2H), 3.72-3.85 (br.s, 1H), 3.85-4.0 (br.s, 1H), 4.5-4.7 (br.s, 

1H). 

Conditions for pHEAmTHP66: HEAm-THP (600 mg, 3 mmol), 2-propanoic acid butyl trithiocarbonate (7.18 

mg, 0.03 mmol) and AIBN (0.988 mg, 0.006 mmol). 

Cloud point determination of HEAmTHP homopolymers 

 5 mg/mL polymer dispersions were made in PBS and cooled. The cooled solutions were filtered through a 

0.450 µm filter before measurement to remove dust. The samples were analysed by DLS using a temperature 

trend going from 2°C to 20°C for the HEAmTHP homopolymers, temperature interval was set to 1°C with 

three repeated measurements for each temperature.  

Determination of hydrolysis rate of HEAmTHP homopolymers 

HEAmTHP hydrolysis mixtures were prepared by dissolving the polymer in cold buffer. The experiment is 

started by heating to 37°C while stirring. A 50 mM acetate buffer pH 5 + 1 M NaSCN and 50 mM phosphate 

buffer pH 7.4 + 1 M NaSCN were used as testing conditions. At regular time points a 4 mL sample was taken 

and dialysed against 0.1 % NH4OH solution. All samples were dialysed 4 days during which the medium was 

frequently refreshed, followed by freeze drying. The freeze-dried samples were dissolved in deuterated 

methanol for NMR analysis, afterwards methanol was evaporated and 5 mg/mL sample solutions were made 

in 50 mM phosphate buffer pH 7.4 for turbidimetry measurement. Measurements were done by 3 repeated 

heating-cooling cycles and the average was used to plot the graphs. 

RAFT homopolymerisation of pHEA macroCTA (pHEA) 

Two pHEA macroCTAs with different chain length were synthesized following a similar protocol. Alterations 

in chain length were obtained by changing the ratio of HEA:PABTC from 100:1 to 150:1. As an example is 

the synthesis protocol for the ratio 100:1 is given below: To a Schlenk tube loaded with HEA (2.5 mL, 20.90 

mmol) was added PABTC (49.82 mg, 0.209 mmol) and AIBN (6.86 mg, 0.0418 mmol) from a DMF stock 

solution. The mixture was diluted further with DMF to a total volume of 10.45 mL. The mixture was degassed 

by five freeze-pump-thaw cylces and immersed in a pre-heated oil bath at 70°C under vigorous stirring. After 

1h the reaction was quenched by cooling and exposure to air. The resulting polymer was isolated by repeated 

precipitations in ice-cold diethyl ether with methanol for re-dissolving the polymer. The precipitated polymer 

was dried under vacuum to give 1.94 g of a yellow gel. Samples were taken before and after the 

polymerization and analysed by 1H NMR to determine the monomer conversion. Polydispersity of purified 
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polymer was analyzed by SEC. 1H-NMR (300 MHz, D2O) δ ppm 1.50-2.20 (m, 2H), 2.24-2.64 (m, 1H), 3.67-

3.89 (t, 2H), 4.00-4.32 (m, 2H).  

RAFT block copolymerization of pHEA-HEAmTHP 

Eight different block copolymers were made using the pHEA macroCTAs described above, of which four 

were prepared starting from pHEA78macroCTA and four with pHEA110 macroCTA. Variations in block lengths 

were achieved by altering the molar ratio HEAmTHP:pHEAmacroCTA. All polymerisations were conducted 

using the same experimental setup. The conditions for synthesis block copolymer with ratio 40:1 are given 

as an example: HEAmTHP (500 mg, 2.51 mmol) was weighted into a dry Schlenk tube with a stirring bar. To 

this pHEA78 macroCTA (583.1 mg, 0.06275 mmol) and AIBN (2.06 mg, 0.0125 mmol) were added from a 

stock solutions in DMF. The mixture was diluted with DMF to a monomer concentration of 1 M. The mixture 

was degassed by five freeze-pump-thaw cycles and immersed in a pre-heated oil bath at 80°C under 

vigorous stirring. After 1h the reaction was quenched by cooling and exposure to air. The resulting polymer 

was isolated by repeated precipitations in ice-cold diethyl ether with methanol for re-dissolving the polymer. 

The precipitated polymer was dried under vacuum to give 820 mg of a yellow powder. Samples were taken 

before and after the polymerization and analysed by 1H NMR to determine the monomer conversion. 

Polydispersity of purified polymer was analyzed by SEC. 1H-NMR (300 MHz, MeOH-d4) δ ppm 1.14-2.16 (m, 

11H), 2.18-2.43 (m, 1H), 3.04-3.31 (br.s, 2H), 3.35-3.48 (m, 2H), 3.48-3.67 (m, 3H), 3.68-3.85 (br.s, 1H), 

3.88-4.11 (m, 2H), 4.45-4.64 (br.s, 1H), 4.65-4.85 (m, OH), 6.97-7.83 (br.s, NH). 

Self-assembly behavior and temperature responsiveness of block copolymer nanoparticles 

All experiments on the self-assembly and temperature responsiveness were evaluated at a polymer 

concentration of 5 mg/mL in either water or PBS and analysed by DLS. Polymer dispersions were made by 

dissolving the different block copolymers in cold solvent by sonication or vortex, subsequently all samples 

were filtered through a 0.450 µm filter to remove particles of dust. For measurements at 25°C the polymer 

dispersions were allowed to heat to room temperature and vortexed again. Temperature responsiveness 

measurements were performed using a temperature trend going from 2°C to 30°C with a temperature interval 

of 1°C and triplicate measurements at each temperature.  

Determination of critical aggregation concentration (CAC) of pHEA-HEAmTHP block copolymers 

Determination of the CAC was done according to previously described protocols26,53 using pyrene as a 

fluorescent probe. pHEA-HEAmTHP stock solutions were prepared at 0.5 mg/mL in 100 mM phosphate buffer 

pH 7.4. From this a dilution series was made ranging from 0.5 mg/mL to 0.001 mg/mL. All samples (5 mL) 
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were cooled and 16.67 µL of a 36 µg/mL pyrene stock solution in acetone was added. The polymer 

dispersions were incubated overnight at 37°C to induce particle formation and to evaporate acetone, prior 

and after incubation they were intensively vortexed. The dilution series for each block copolymer were made 

in triplicate. Fluorescence excitation spectra were collected by fluorescence spectrophotometry. The CAC 

was quantified based on a change in excitation intensity ratio at 338 and 333 nm for a series of 

concentrations. 

pH-dependent degradation of pHEA-HEAmTHP block copolymers 

pH-dependent degradation was evaluated at pH values of 5 and 7.4. All measurements were performed at a 

polymer concentration of 5 mg/mL at 37°C by DLS analysis. Polymer dispersions were made in PBS or a 

100 mM acetate buffer pH 5 and analyzed at regular time points. 

Encapsulation of a hydrophobic fluorescent dye 

1,4-Bis[1-cyano-2-(diphenylamino)phenyl)vinyl]benzene (DSB) was used a model compound. Encapsulation 

of the hydrophobic DSB in polymer nanoparticles was achieved using a solvent displacement technique. 

First, a 250 µg/mL DSB stock solution was made in acetone. Next, 1 mL of pHEA-HEAmTHP dispersions 

(10 mg/mL) were prepared in PBS. To these polymer dispersions 40 µL of the DSB stock solution was added 

to obtain a final DSB concentration of 10 µg/mL. The DSB loaded NP dispersions were left overnight to 

evaporate acetone. They were then filtered to remove excess dye. Control samples for only PBS or P03 were 

prepared by a similar protocol. 

In vitro cellular uptake studies 

Cellular uptake was investigated using confocal microscopy. pHEA78-HEAmTHP53 block copolymers loaded 

with DSB (see above) were used as testing formulation. PBS and pHEA macroCTA were used as control 

and comparison, respectively. DC2.4 cells were plated out on Willco-Dish glass bottom dishes (30 000 cells, 

suspended in 200 µL of culture medium) and incubated overnight. Next, 10 µL of the DSB loaded pHEA78-

HEAmTHP53 particle solution was added and incubated overnight. Cells were then fixed and stained with 

Hoechst and CTB-AF555. For these purposes culture medium was aspirated and cells were washed with 

PBS. Next, 200 µL of 4 % paraformaldehyde was added and allowed to fixate for 30 min. A staining solution 

was prepared by adding Hoechst (10 µL, of a 1 mg/mL stock in DMSO) and CTB-AF555 (5 µL of a 1 mg/mL 

stock in PBS) to a PBS buffer containing 1 % of BSA (2 mL). After aspiration and washing, 200 µL of this 

staining solution was added to the fixed cells and incubated for 30 minutes at 37°C. Finally, the samples 

were washed with 1 % BSA PBS buffer and stored at 4°C. 
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Amphotericin B encapsulation 

Encapsulation method evaluation 

pHEA78-HEAmTHP37 was used as model polymer to test encapsulation of AmpB via solvent displacement. 

Experiments were performed at polymer concentration of 1 mg/mL, 5 mg/mL and 10 mg/mL, for each 

concentration 3 ratios of AmpB to polymer were tested, namely (1/10, 1/2 and 1/1). The protocol for 1 mg/mL 

polymer concentration is given briefly. pHEA-HEAmTHP (1mg) and AmpB (0.1 mg, 0.5 mg or 1.0 mg) were 

dissolved in 100 µL DMSO to give a clear deep yellow solution. This was diluted with 900 µL PBS by dropwise 

addition while stirring. The resulting mixture was filtered through a 0.450 µm filter to remove excess AmpB. 

Quantification is done by diluting the formulation to a polymer concentration of 100 µg/mL in DMSO and 

analyzed by UV-Vis spectrometry. The amount of encapsulated AmpB was taken as the mean value for the 

concentrations calculated by the calibration curves at the three absorption maxima of AmpB (Figure S14). 

From the determined AmpB concentration, encapsulation efficiency (EE) and drug loading (DL) can be 

calculated. These parameters are defined by the formulas: 

𝐸𝐸 =  
𝑐𝑜𝑛𝑐 𝐴𝑚𝑝𝐵 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑐𝑜𝑛𝑐 𝐴𝑚𝑝𝐵 (𝑎𝑑𝑑𝑒𝑑)
 𝑥 100% 

 

𝐷𝐿 =  
𝐴𝑚𝑝𝐵 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝐴𝑚𝑝𝐵 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) + 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 𝑥 100% 

Evaluation of AmpB encapsulation in different pHEA-HEAmTHP polymer nanoparticles 

A similar protocol was used as described above using 10 mg/mL polymer and 1 mg/mL AmpB. In summary, 

pHEA-HEAmTHP polymers (10 mg) and AmpB (1 mg) were dissolved in 100 µL DMSO. The mixtures were 

diluted with 900 µL PBS under stirring followed by filtration through a 0.450 µm filter. All samples were 

prepared in triplicate. 10 µL sample was taken and diluted to 1 mL with DMSO for AmpB quantification by 

UV-Vis. One sample of each formulation was dialysed against 1 L H2O, with regular changes of medium. 

After 48 h the dispersion was collected and freeze-dried. A small fraction of the obtained freeze-dried powder 

was dissolved in DMSO and analysed by UV-Vis for AmpB quantification. Encapsulation efficiency and drug 

loading were calculated. A 5 mg/mL dispersion was made in PBS and measured by DLS (Figure S17). 

Preparation of AmpB-NP formulations 

AmpB-NP formulations used for further testing were prepared for pHEA78-HEAmTHP37 (P2) and pHEA110-

HEAmTHP47 (P6) using an optimized method. Polymer was dispersed in PBS at a concentration of 10 mg/mL. 
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To this AmpB was added dropwise under vigorous stirring from a 10 mg/mL stock solution is DMSO to have 

a 1:10 AmpB-polymer ratio. The dispersions were filtered through a 0.450 µm filter, dialysed against H2O 

and freeze dried. The freeze dried AmpB-NPs were redispersed in PBS in a desired volume and the exact 

concentration was determined by UV-Vis spectroscopy.  

In vitro cytotoxicity of AmpB NP formulations 

AmpB NP stock solutions were prepared by dispersion of the freeze-dried sample in sterile PBS at a 

concentration of 20 mg/mL formulation followed by UV-Vis quantification. Based on this a dilution series was 

made by two-fold dilutions starting from 150 µM AmpB. Polymer control samples were prepared using the 

same dilution scheme starting from a 20 mg/mL stock solution in sterile PBS. The AmpB dilution series was 

made in DMSO with two-fold dilutions starting from 4.5 mM. RAW 264.7 macrophages were seeded in 96 

well plates at a density of 300 000 cells/mL (120 µL per well) and incubated at 37°C overnight. 30 µL of 

sample (1 µL for AmpB dilutions in DMSO), PBS (negative control) or DMSO (positive control) were added 

and incubated for 24h followed by addition of 40 µL MTT reagent (1 mg/mL in PBS). After an incubation 

period of 2-3 h the formed formazan crystals were dissolved by addition of a 10% m/v SDS/0.01 M HCl 

solutions and incubated overnight. Quantification was done by measuring the absorbance at 590 nm using a 

microplate reader. Cell viability (%) can be defined as follows: 

𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠 (𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐴𝑏𝑠(+𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐴𝑏𝑠(−𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐴𝑏𝑠(+𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 𝑥 100% 

In vitro cell stimulation assay 

AmpB NP stock solutions were made by dispersion of the freeze-dried sample in sterile PBS at a 

concentration of 20 mg/mL formulation followed by UV-Vis quantification. Based on this a dilution series was 

made by two-fold dilutions starting from 1 mM AmpB. Polymer control samples were made using the same 

dilution scheme starting from a 20 mg/mL stock solution in sterile PBS. The AmpB dilution series was made 

in DMSO with two-fold dilutions starting from 20 mM.  

NF-kB/AP-1 activation assay was performed as recommended by the manufacturer (InvivoGen). RAW-

BlueTM cell were seeded in 96 well plates at a density of 500 000 cells/mL (180 µL per well) and incubated 

at 37°C. Each well was pulsed with 20 µL sample or PBS (negative control on each plate) for the AmpB NP 

formulations and polymer control. AmpB dilutions in DMSO were tested by addition of 1 µL of sample or 

DMSO (control) and brought to a final volume of 200 µL by adding 19 µL PBS, 20 µL PBS was used as a 

negative control. After overnight incubation, the supernatant from each well was collected and probed for 
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secreted embryonic alkaline phosphatase (SEAP) using the QUANTI-BlueTM assay (InvivoGen). To 50 µL 

supernatant was added 150 µL QUANTI-Blue and incubated at 37°C. SEAP levels were determined by 

measuring optical density at 620 nm using a microplate reader. Activity was determined by the increase in 

optical density relative to the negative control. 

In vivo evaluation 

Mice 

Specific pathogen-free, female BALB/c mice were obtained from Charles River Italy. The mice were housed 

under specific pathogen-free conditions in individually ventilated cages in a controlled 12h day-night cycle 

and given food and water ad libitum. All mice were 8 weeks old at the start of the experiments. The animal 

facility operates under the Flemish Government License Number LA1400536. All experiments were done 

under conditions specified by European law and authorized by the Institutional Ethical Committee on 

Experimental Animals. 

Immunizations 

Mice of 8 weeks were immunized subcutaneously with 20 µg antigen dissolved in PBS to a total volume of 

100 µl. Depending on the group PBS, nanoparticle with or without AmpB-NPs or Sigma Adjuvant System 

(Sigma-Aldrich, St. Louis, USA) was added to the vaccine. Samples containing AmpB-NPs were made by 

dissolving the formulation at a 2 mg/mL AmpB concentration in PBS, this was diluted 1:1 with PSB (AmpB-

NP) or with a 0.4 mg/mL SHe-KLH solution in PBS (Ag+AmpB-NP). Empty nanoparticle control samples were 

made by mixing a 20 mg/mL P6 solution in PBS with a 0.4 mg/mL SHe-KLH solution in PBS (Ag+NP). 

Immunizations were performed two times at a 3-week interval. Blood samples were collected from the lateral 

tail vein once before immunization and two weeks after each immunization. First blood was left at 37°C for 

30 min to clot. Thereafter, serum was collected by taking the supernatant from two consecutive 

centrifugations. The serum titers of SHe-peptide IgG were determined by peptide ELISA.  

Infection of mice with RSV 

Three weeks after the second immunization, the mice were sedated with isoflurane and infected intranasally 

with 106 PFU of HRSV A2. Five days after infection, the mice were sacrificed and whole lungs were collected 

and homogenized with a Tissue lyser II (Qiagen) in 1.0 ml HBSS containing 20% sucrose. The lung 

homogenates were cleared by centrifugation (1000 xg, 15 min, 4°C) and used to determine the viral titer by 

plaque assay on Vero cells. 
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Peptide ELISA 

To determine SHe-specific IgG, IgG1 or IgG2a antibody titers in the sera off individual mice, a peptide ELISA 

was performed. First, the wells of a micotiter plates (type II F96 MaxiSorp,Nunc) were coated overnight at 

37°C with 0.2 µg SHe peptide corresponding to the natural ectodomain of HRSV A2 (NKLCEYNVFHNKT-

FELPRARVNT) in 100 µl of 50 mM sodium bicarbonate buffer ( pH 9.7). After incubation, the plates were 

washed three times with PBS and blocked for 1h at room temperature with 200 µl of 1% BSA in PBS. After 

this blocking step, the plates were washed again 3 times. Series of threefold dilutions of the different mouse 

serum samples, starting with a 1/100 dilution, were loaded on the coated plates for 1h30 at room temperature. 

Next, horseradish peroxidase labelled antibodies directed against mouse isotype IgG, IgG1 or IgG2a (diluted 

1/6000) (Southern Biotechnology Associates, Inc., Birmingham, AL, USA) in PBS + 1% BSA +0.05 % Tween 

20 were added to detect the bound antibodies. After washing, the microtites plates were incubated for 5 min 

with TMB substrate (tet-ramethylbenzidine, Sigma-Aldrich). The reaction was stopped by adding an equal 

volume 1M H2SO4 and absorbance at 450 nm was measured.  

Plaque assay 

Fifty µl of serial three-fold dilutions of the lung homogenates were added to a monolayers of Vero cells in a 

96-well plate. The Vero cells were cultured in serum free OptiMEM medium (Invitrogen) supplemented with 

penicillin and streptomycin. After 3h, the medium was removed from the Vero cells and 150 µl of growth 

medium containing 2% FCS and 0.6% avicel RC-851 (FMC Biopolymers) was added to the cells for 3 days 

at 37°C. After infection, the cells were washed twice with PBS and subsequently fixed in 2% 

paraformaldehyde during 30 min. The cells were washed twice with PBS, permeabilized with 0,1% Triton-

X100 and blocked with PBS containing 1% BSA. To stain the viral plaques, a polyclonal goat anti-HRSV 

serum (AB1128, Chemicon International) (1/4,000) was added during 1h. After washing three times with 1% 

BSA in PBS, the wells were incubated with HRP-conjugated anti-goat IgG antibodies (SC2020, Santa Cruz) 

for 30 min. Non-binding antibodies were removed by four washing steps with PBS containing 1% BSA and 

0.01% Triton X-100 and one wash with PBS. Finally, TrueBlue peroxidase substrate (KPL, Gaithersburg) 

was added to visualize the plaques. The plaques of three different dilutions were counted and for each 

dilution, the number of PFU per lung (1ml of lung homogenate) was calculated as the number of plaques 

present in a given dilution multiplied by the dilution factor, times 20 (20 = 1000 µl total supernatant volume/50 

µl of supernatant used to infect the first well of dilution series). The number of PFU/lung was then calculated 

as the average number of PFU/lung calculated for the different dilutions. 
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ASSOCIATED CONTENT 

Additional experimental data are included in supporting information. 
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ABBREVIATIONS 

AmpB, amphotericin B; RSV, respiratory syncytial virus; HEAm, 2-hydroxyethylacrylamide; DHP, 3,4-dihydro-

2H-pyran; HEAmTHP, N-[2-[(tetrahydro-2H-pyran-2-yl)oxy]ethyl]-acrylamide; PBS, phosphate buffer saline; 

PABTC, 2-(butylthiocarbonothioylthio)propanoic acid; DP, degree of polymerization; HEA, 2-

hydroxyethylacrylate; CAC, critical association concentration; Tcp, cloud point temperature; DSB, 1,4-bis[1-

cyano-2-(diphenylamino)phenyl)vinyl]benzene; DC2.4, dendritic cell line; DMSO, dimethyl sulfoxide; AmpB-

NP, AmpB nanoparticles; SHe, small hydrophobic extracellular protein of RSV; KLH, keyhole limpet 

hemocyanin; SAS, Sigma Adjuvant System; MPLA, monophosphoryl lipid A. 
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