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Abstract 

Increased disulfide crosslinking of secreted mucins causes elevated viscoelasticity of mucus and is a 
key determinant of mucus dysfunction in patients with cystic fibrosis (CF) and other muco-obstructive 
lung diseases. In this study, we describe the synthesis of a novel thiol-containing, sulfated dendritic 
polyglycerol (dPGS-SH), designed to chemically reduce these abnormal crosslinks, which we 
demonstrate with mucolytic activity assays in sputum from patients with CF. This mucolytic polymer, 
which is based on a reportedly anti-inflammatory polysulfate scaffold, additionally carries multiple thiol 
groups for mucolytic activity and can be produced on a gram-scale. After a physicochemical compound 
characterization, we compare the mucolytic activity of dPGS-SH to the clinically approved N-
acetylcysteine (NAC) using Western blot studies and investigate the effect of dPGS-SH on the 
viscoelastic properties of sputum samples from CF patients by oscillatory rheology. We show that 
dPGS-SH is more effective than NAC in reducing multimer intensity of the secreted mucins MUC5B 
and MUC5AC and demonstrate significant mucolytic activity by rheology. In addition, we provide data 
for dPGS-SH demonstrating a high compound stability, low cytotoxicity, and superior reaction kinetics 
over NAC at different pH levels. Our data support further development of the novel reducing polymer 
system dPGS-SH as a potential mucolytic to improve mucus function and clearance in patients with CF 
as well as other muco-obstructive lung diseases. 

Introduction  
Airway mucus plugging is a key feature of muco-obstructive lung diseases such as cystic fibrosis (CF), chronic 
obstructive pulmonary disease (COPD) and asthma and plays a key role in the onset and progression of chronic 
inflammation and infection leading to structural lung damage.1-3 The highly glycosylated large secreted mucins 
MUC5B and MUC5AC with a fiber length of 0.2 to 10 µm are the main components of airway mucus.1, 4 Those fibers 
form intermolecular crosslinks via disulfide bonds of cysteines, and thereby develop a stable mucus hydrogel that 
covers and protects airway surfaces.5, 6 In muco-obstructive lung diseases such as CF, these crosslinks are substantially 
increased due to oxidation of free thiol groups of mucins by reactive oxygen species (ROS), which are generated by 
neutrophils during the process of airway inflammation.6-8 The viscoelasticity of the mucus hydrogel is thereby 
increased leading to mucus stiffening, impaired mucociliary clearance and mucus plugging of the airways.2, 9 
Consequently, this makes excess mucin disulfide crosslinks a therapeutic target of high interest in muco-obstructive 
lung diseases.10 Currently, N-Acetylcysteine (NAC) is the only thiol-containing mucolytic approved for the treatment 
of CF. However, NAC failed to show mucolytic effects in vivo. 6, 11 
Current research on new mucolytics is focused on small molecule reducing agents with increased mucolytic activity 
compared to NAC. A thiol-saccharide (MUC-031) showed faster and stronger mucolytic activity than NAC in CF 
sputum and reduced airway mucus plugging and inflammation in a mouse model for muco-obstructive lung disease. 
6, 12 Similar findings were reported for the mucolytic compound P3001,13 and Tris(2-carboxyethyl) phosphine (TCEP), 
which demonstrated effective reduction of mucus plugging in a mouse model of asthma by reducing disulfides in 

https://doi.org/10.26434/chemrxiv-2024-p6bw4 ORCID: https://orcid.org/0000-0003-3840-162X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-p6bw4
https://orcid.org/0000-0003-3840-162X
https://creativecommons.org/licenses/by-nc/4.0/


MUC5B and MUC5AC.14 In addition to the design of new mucolytics, various attempts have also been made on the 
development of new lung delivery formulations using biocompatible scaffolds that increase the transport of 
mucolytics or natural fiber-based polymers, which themselves disentangle abnormal mucin networks.15-18 
In contrast to this increasing search for small molecule mucolytics or better delivery technologies, we herein propose 
the use of dendritic polyglycerol scaffolds covalently connected to multiple mucolytically acting thiols. Dendritic 
polyglycerol (dPG) or its sulfated analogue (dPGS) are spherical nanoparticles (Scheme 1B) with a high density of 
functional groups, that are radially exposed to its surface.19 Besides demonstrating a high water solubility, highly 
sulfated dPGS also demonstrates biological activities, such as antiviral properties against SARS-CoV-220 and other 
viruses,21-23 as well as effective anti-inflammatory properties by leucocyte hitchhiking and interfering with immune 
cascades.24-26 These antiviral and anti-inflammatory properties might also be beneficial for patients with CF and other 
muco-obstructive lung diseases.  
The aim of this study was to assess the novel concept of multifunctional polymer mucolytics and synthesize a reducing 
agent with potent mucolytic activity based on a polyelectrolyte scaffold by thiolation of a highly sulfated polymer 
backbone. We tested physicochemical properties, effects on viability on primary epithelial cells and the mucolytic 
efficacy of our novel compound dPGS-SH using rheological measurements and Western blot analysis of sputum 
samples from patients with CF.  

Materials and methods 
Materials 

All Chemicals were purchased from Sigma Merck KGaA (Darmstadt, Germany) and/or its affiliates and used without 
any further purification, unless otherwise stated. N, N-dimethylformamide (DMF), dithiothreitol (DTT) and mouse 
monoclonal antibody against human MUC5AC (MA5-12178) were purchased from Thermo Fisher Scientific Inc. 
(Waltham, MA, USA). Mouse monoclonal antibody against human MUC5B (sc-393952) and secondary antibody 
goat Anti-Mouse Immunoglobulins/HRP were purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and 
Agilent Dako (Glostrup, Denmark) respectively. PneumaCult ALI medium was purchased from STEMCELL 
Technologies (Cologne, Germany). Zombie aqua antibody was purchased from BioLegend (San Diego, CA, USA). 
2-Iminothiolane hydrochloride was purchased from ABCR GmbH (Karlsruhe, Germany) and N-acetylcysteine (NAC) 
was purchased from BioGems International Inc. (Westlake Village, CA, USA). Dendritic polyglycerol (dPG) was 
obtained from glycidol polymerization as reported in literature.27 Amine functionalized dendritic polyglycerol (dPG-
NH2, DF = 10 %, 10.5 kDa) was synthesized as previously described in our group.28 Cyanine5-labeled dPGS-NH2 
(dPGS-Cy5) was synthesized as described before29 and obtained with a dye-to-polymer ratio of 0.41 as determined 
by UV-VIS spectroscopy. 

Instruments 

The Jeol Eclipse 500 MHz (Tokyo, Japan) instrument was used to measure the 1H NMR spectra of all the compounds 
reported here, recorded at 300 K. Chemical shifts δ were reported in ppm and the deuterated solvent peak (D2O) was 
used as a standard. Elemental analyses of all relevant compounds in this work were performed with Vario EL CHNS 
element analyzer (Elementar Analysensysteme GmbH (Langenselbold, Germany)). Dynamic light scattering (DLS) 
and zeta potential were measured on a Malvern zetasizer nano ZS ZEN 3600 ((Malvern Instruments Ltd., 
Worcestershire, UK)) using a He–Ne laser (λ = 532 nm) at 178° backscatter and automated attenuation at 25 °C. DLS 
samples were prepared in PBS (10 mM, pH 7.4) with a concentration of 1 mg mL-1 and samples for zeta potential 
were prepared in 10 mM PB (pH 7.4) at concentrations of 5 mg mL-1. Images in the diffusion studies by FRAP were 
acquired with a Leica TCS SP8 confocal microscope (Leica Microsystems) with a 63x oil immersion objective, NA 
1.4. Sequential acquisition was performed at 256 x 256 pixels per image and a scanning speed of 1,800 Hz, with a 
zoom factor of 7.5 and a pixel size set to 96 x 96 nm. All acquisition settings were set equally for each sample. 
Bleaching for FRAP experiments was done with the HeNe 633 nm line set to 100% power. UV/Vis measurements 
were performed on an AGILENT Cary 8454 UV–visible spectrophotometer, using half-micro disposable polystyrene 
cuvettes. Rheology was measured on a Kinexus Pro+ Rheometer (Netzsch GmbH, Selb, Germany) using a stainless-
steel cone-plate geometry (cone diameter 20 mm, cone-angle 1°). Western blots were performed using a vacuum 
blotter (MP Biomedicals, Irvine, CA, USA) and imaged using a ChemiDocTMMP Imaging System (Bio-Rad 
Laboratories Inc., Hercules, CA, USA). 

Synthesis of dPGS-NH2 

dPG-OH (Mw = 10.5 kDa, 33.40 g, 3.2 mmol, 1.0 eq) was dissolved in dry DMF (300 mL) and mixed with 
triethylamine (TEA) (9.42 mL, 12.98 g, 128 mmol, 40.0 eq.). Methanesulfonyl chloride (8.7 mL, 5.90 g, 51.5 mmol, 
16.1 eq.) was added dropwise within 30 min at 0 °C. The solution was allowed to reach room temperature and stirred 
for 24 hours. Azidation was performed in situ by the subsequent addition of NaN3 (8.32 g, 128 mmol, 40 eq.) and the 
mixture was stirred at 70 °C for 72 h. Sulfamic acid (83.0 g, 0.855 mol, 270.0 eq.) was added subsequently and the 
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mixture was stirred for additional 72 h at 60 °C. The mixture was filtered, and purification was performed by 
tangential flow filtration (TFF) in water (15 L) with a MWCO of 5 kDa, yielding dPGS-N3 with a degree of sulfation 
(DS) of 83 %. (elemental analysis: N = 3.03, C = 22.98, S = 14.18, H = 4.58). Finally, reduction of azide groups was 
achieved by dissolving dPGS-N3 (3.2 mmol, 1.0 eq.) in a H2O/THF-mixture (30:70 v/v) to a volume of 1.0 L. 
Triphenylphosphine (33.6 g, 128 mmol, 40 eq.) was added slowly and the mixture was stirred for 48 h at room 
temperature. TCEP (12.8 g, 44.8 mmol, 14.0 eq.) was added subsequently and the mixture was stirred for 24 h to 
assure a complete reduction. Precipitates were removed by filtration and the solution was neutralized with NaOH 
solution (2 M) and the crude product was purified by TFF in water (15 L) with a MWCO of 5 kDa. dPGS-NH2 was 
obtained as yellow solid in a yield of 93 %. 1H NMR: (500 MHz, D2O, δ (ppm)): 4.71 - 3.16 (m, polymer backbone), 
1.34 (s, 2H, polymer starter), 0.81 (s, 3H, polymer starter).  

Synthesis of dPGS-SH & dPG-SH 

Thiolation of polymers dPGS-NH2 and dPG-NH2 was performed in similar conditions. Polymers were dissolved in 
H2O (5 mM) and the pH was carefully adjusted to pH = 8.0 using 1 M NaOH. Solutions were purged with argon for 
15 minutes and 2-iminothiolane HCl (0.5 eq. per NH2-group) was added followed by equimolar amount of NaOH 
from a 1 M solution. The mixtures were purged for another 10 minutes, sealed carefully and then stirred for 3 h at 
room temperature. Solutions were neutralized using 1 M HCl and lyophilized. Products were obtained as viscous solid 
(dPG-SH) or colorless solid (dPGS-SH) in quantitative amounts. 1H NMR (dPG-SH, 500 MHz, D2O, δ (ppm)): 4.10 
– 3.30 (m, polyglycerol backbone), 3.28 (s, 2H, -CH2SH), 2.67 (s, 2H, -CH2CH2SH), 2.14 (s, 2H, -CH2CH2CH2SH), 
1.35 (s, 2H, polymer starter), 0.87 (s, 3H, polymer starter). 1H NMR (dPGS-SH, 500 MHz, D2O, δ (ppm)): 4.72 – 
3.30 (m, polymer backbone), 3.24 (s, 2H, -CH2SH), 2.42 (s, 2H, CH2CH2SH), 1.40 (s, 2H, polymer starter), 0.89 (s, 
3H, polymer starter).  

Diffusivity measurements via fluorescence recovery after photobleaching (FRAP) 

A dPGS-Cy5 stock solution was prepared in 10 mM PBS, pH 7.4 at a final concentration of 100 µM (i.e., expressed 
as Cy5 concentration). Samples for FRAP diffusivity measurements were prepared by diluting the DPGS stock 
solution in healthy or cystic fibrosis (CF) mucus at a final concentration of 2.5 µM. Samples were homogenized by 
vortexing for 1 min. Imaging samples were prepared by pipetting 30 µL samples onto chambered glass coverslips 
(Ibidi, µ-Slide, 170 µm +/- 5 µm). A circular region of interest (ROI, 40.8 µm2) was selected within the analyzed 
field. A time-series analysis was programmed with the following settings: prebleaching images recorded at 2 % laser 
transmission, immediately followed by bleaching. The recovery step spanned a total duration of 67.8 seconds. During 
the initial postbleach step (7.8 seconds), 100 frames were acquired; this was followed by a second (10 seconds), and 
a third (50 seconds) step, each acquiring 10 frames in total. The diffusivity data from FRAP measurements were 
computed as previously described.30 The fluorescence intensity inside the ROI was normalized to the prebleach 
intensity. Then, a least square fit was applied to obtain the diffusion time, tD. The diffusion coefficient (D) was 
calculated using the Equation 4. Each FRAP measure was repeated 4 times. 

Ellman’s assay 

Ellman’s Assay was performed with mercaptoethanol as a calibration standard. Briefly, 8 standard sample solutions 
were prepared in PB buffer (10 mM, pH = 8.0, containing 10 mM EDTA) in the range between 0.025 mM and 1.0 mM 
DTNB was dissolved in the same buffer to a concentration of 4 mg mL-1. Measuring samples were composited of 
2.5 mL PB buffer, 250 µL sample solution with known concentration and 50 µL of the prepared DTNB solution.  
After an incubation time of 15 minutes the absorption was measured at 412 nm and the obtained maxima were plotted 
against the concentration. Considering the linear equation, thiol quantification of unknown samples was thereby 
calculated in relation to the obtained standard. All samples were measured in triplicate at 25 °C in disposable 
polystyrene cuvettes.  

Stability studies of dPGS-SH 

Stability of thiol compounds was determined by monitoring the relative amount of thiol groups per molecule over 
time using the Ellman’s assay. Dry samples were aliquoted and stored in sealed glass vials at -4 °C, 6 °C and 25 °C 
and only opened prior to the measurement. Samples were dissolved to a concentration of 0.1 mM and thiols were 
quantified according to a mercaptoethanol standard. Dissolved samples were stored in PBS buffer (pH = 7.4, 10 mM) 
to a concentration of 0.1 mM (V = 1000 µL). Solutions were purged with Argon for 10 minutes and then sealed 
carefully. To assure an effective and long-term oxygen exclusion, samples were sealed and stored in Argon saturated 
gas-tight bags and stored at 6 °C or 25 °C. The effect of oxygen exclusion was not investigated for samples stored at 
37 °C.  
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Kinetic constant determination of reducing agents 

Different thiol-based reducing agents were investigated in kinetic experiments with the Ellman´s reagent (DTNB). 
The calibration and determination of the extinction coefficient was performed with a dilution series of 12 
concentrations between 0 and 40 µM using 2-mercaptoethanol. Sample solutions (100 µL) were prepared in calcium- 
and magnesium free DPBS (1 mM, pH 7.4), mixed with DTNB solution (0.2 mM or 0.02 mM in DPBS (1 mM, 
pH 7.4)) and absorbance at 412 nm was measured after 15 minutes. To determine the kinetic constant, sample 
solutions (100 μL) of dPGS-SH, DTT (0.005 mM, 0.01 mM, 0,015 mM 0.02 mM) and NAC (0.05 mM, 0.1 mM, 
0,15 mM 0.2 mM) were mixed with the DTNB solution (100 μL) and the absorbance at 412 nm was measured directly 
in intervals of 10 seconds until saturation was reached.  Using the resulting TNB2- concentration over time and the 
linear absorbance increase of the reactions a reaction constant (k) was calculated with the second order rate law. 

Cell viability assay 

Primary human nasal epithelial cells were obtained by nasal brushings. The sampling of phNECs was approved by 
the ethics committee of the Charité - Universitätsmedizin Berlin (EA2/220/18) and written informed consent was 
obtained from all patients and healthy controls. Cultivation of cells was performed by the conditionally reprogrammed 
cell culture method as previously described.31 In brief, brushed cells were expanded in co-culture with irradiated 
mouse 3T3 fibroblasts in the presence of RhoA kinase inhibitor Y-27632. Epithelial cells were seeded at passage 2 or 
3 on human placental type IV collagen–coated, 0.4 µm pore size mini transwell 0.33 cm2 supports (Sigma Merck, 
Darmstadt, Germany) at a density of 200,000 cells/cm2 in PneumaCult ALI medium and differentiated at air liquid 
interphase (ALI) for 3 - 4 weeks, as previously described.32 Cells were washed 24 h before the treatment to allow 
some mucus to accumulate. Cell cultures were treated with 0.75 µl of freshly prepared 5 mM solution dPGS-SH or 
0.75 µl PBS. 48 h after treatment, cells were stained with Zombie aqua for 30 min at 4 °C and fixed in situ. Cells were 
dissociated from the transwell membrane using trypsin and analyzed via flow cytometry. 

Sputum collection 

Spontaneously expectorated sputum samples were collected from patients with CF according to protocols approved 
by the ethics committee of the Charité - Universitätsmedizin Berlin (EA2/016/18). Written informed consent to 
participate in this study was provided by all participants, parents or legal guardians. Demographics and clinical 
characteristics of study participants are shown in Supplementary Table S1. CF patients spontaneously expectorated 
sputum into a sputum collection cup. Any easily visible saliva layer in the sputum samples were removed by gentle 
pipetting prior to further processing as previously described.33 Sputum samples used for rheological analysis were 
stored at 4 °C for up to 24 h. Sputum samples used for Western blot analysis were stored at -20 °C to be analyzed at 
a later date. 

Sputum rheology 

As recently shown, proteases present in sputum samples can have an effect on its viscoelastic properties.12 We 
therefore treated all samples with a protease inhibitor (PI) prior to rheological treatment experiments. Undiluted 
sputum from patients with CF were then treated with freshly prepared 1 mM solution of dPGS-SH or PBS as control 
at 37 °C for 30 minutes and then quenched with iodoacetamide. The storage modulus (G’) and loss modulus (G′′) 
were determined by dynamic oscillatory macrorheological measurements with a Kinexus Pro+ Rheometer using a 
stainless-steel cone-plate geometry (cone diameter 20 mm, cone-angle 1°) as previously described.33 Each 
measurement included an amplitude sweep (1 Hz, 0.01 – 100 % strain) and a frequency sweep (2 % strain, 10 – 0.1 
Hz). G’ and G′′ were directly extracted from the linear viscoelastic region of the amplitude sweep. Fold changes of 
G’ and G′′ were determined by normalization of values obtained after treatment with mucolytic compounds by values 
obtained after treatment with PBS alone to account to the variability of sputa obtained from different patients with 
CF.  

Western blot 

Mucin Western blot was performed as previously described.12, 34 Briefly, sputum from CF patients was diluted at 1:5 
in PBS and homogenized using a 1 mL syringe and 20G cannula. Diluted sputum was treated with increasing 
concentration of NAC, dPGS-SH, dPG-SH and DTT (0.1 – 5 mM) at 37 °C for 30 minutes and then quenched with 
iodoacetamide. All solutions were prepared freshly and used immediately. Agarose gel electrophoresis using 0.8% 
agarose was combined with transfer onto a nitrocellulose membrane via vacuum. After loading the gels, proteins were 
separated on 0.8 % agarose gel at 80 V (1.5 hours) with Tris-acetate-EDTA/SDS buffer. For an efficient mucin 
transfer, the gel was reduced for 20 minutes in a solution containing 10 mM DTT and proteins were then transferred 
to nitrocellulose membranes by vacuum blotting. Blots were probed with a mouse monoclonal antibody against human 
MUC5B diluted at 1:1000 in 1 % milk-PBS and mouse monoclonal antibody against human MUC5AC diluted at 
1:1000 in 1 % milk-PBS. The secondary antibody was a goat anti-mouse immunoglobulins/HRP, diluted 1:4000 in 
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1 % milk-PBS. Detection was performed using ChemiDocTMMP Imaging System. Multimer signal intensities were 
analyzed using Fiji35, 36 and normalized against PBS treated control. 

RESULTS AND DISCUSSION 

Synthesis, compound stability and reduction kinetics 

By combining a high degree of sulfation (> 80%) with a low degree of thiol groups, we developed a highly mucolytic 
polymer on an anti-inflammatory scaffold. Dendritic polyglycerol (dPG) was synthesized as described before,27 
obtaining a polymer scaffold with a molecular weight (MW) of 10.0 kDa (Mw) and a polydispersity of 1.29. Using 
our well-established methods of mesylation, azidation, sulfation and subsequent Staudinger reduction28, 37, we 
produced our precursor polymer dPGS-NH2 in large scale (60 g synthesis). 2-Iminothiolane was previously shown to 
react with dPGS-NH2 as well as other amine-functionalized polyglycerols in a fast, quantitative conversion forming 
a terminal thiol group.38, 39 By using lower equivalents of 2-Iminothiolane (0.5 eq. per NH2) in relation to amine 
functionalities on a polyglycerol moiety (10%) we assure a complete conversion, as confirmed by 1H NMR (Figure 
S1, S2), forming thiolated polyglycerol sulfate (dPGS-SH). The non-sulfated analogue polymer (dPG-SH) was 
synthesized similarly excluding the sulfation step (Scheme 1). Particle sizes of dPGS-SH (5.2 ± 0.1 nm) and dPG-SH  

(4.3 ± 0.1 nm) were determined by DLS (Figure S4) and in similar size to the precursor polymer dPGS-NH2 (4.1 ± 
0.1 nm). As a consequence, we excluded the presence of polymer-polymer crosslinks that polymers with multiple 
thiol groups potentially could form. With particle diameters below 6 nm, we intend minimized steric interaction with 
human mucus, which has a significantly wider mesh size even in pathologic sputum of patients with CF of 
approximately 70 nm40 and assume steady diffusion through the mucus layer. To investigate the general diffusion 
capability of our polymer particles, diffusion of dye-labeled dPGS (dPGS-Cy5) in collected sputum samples was 
observed using a fluorescent recovery after photobleaching (FRAP) method (Figure S5A). In CF sputum, polysulfate 
diffuses with 0.18 ± 0.09 µm2 per second. As expected, diffusion is higher (approximately 15-fold) in healthy sputum 
samples (2.60 ± 0.47 µm2) compared to CF mucus (Figure S5B). Reduced diffusion in CF mucus can be attributed to 
several factors, including higher viscosity due to the approximately 11-fold higher protein content (39.1 vs 3.6 mg/mL, 
quantified by BCA Protein assay), and a smaller mesh size. An increased polymer-mucus interaction in CF samples 
is also indicated by the reduced frecovery of the fluorescent signal intensity.  The degree of sulfation (DS) was 
determined similar to previous reports41, 42 from sulfur elemental analysis of dPGS-NH2. We obtained polymers with 
a DS of 83% resulting in a calculated molecular weight of 20.0 kDa for dPGS-SH. The zeta potentials of dPGS-SH 
and dPG-SH were determined to 44.1 ± 1 mV and -2.3 ± 0.5 mV, respectively, approving the high number of 
negatively charged sulfate groups in dPGS-SH. Due to the sulfation, we obtain a highly water-soluble compound with 
dPGS-SH, which makes it a suitable candidate for application as dry powder or liquid aerosol. Physicochemical 
properties of functionalized polymers were summarized in Table 1. 

Scheme 1: Synthetic route of dPGS-SH and dPG-SH. (A) dPGS-NH2 (blue box) was synthesized in 60 g scale by mesylation, 
azidation, sulfation and Staudinger reduction of dPG. dPG-NH2 was synthesized similarly in small scale excluding the sulfation 
step. Thiolation was finally performed using 2-iminothiolane in aqueous solutions to obtain dPGS-SH (green box) and dPG-
SH (yellow box). (B) Idealized schematic representation of dPGS-SH and dPG-SH. 
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Table 1. Physicochemical features of functionalized dendritic polyglycerols. Data represent the mean value of 
samples measured in triplicate ± standard deviation. 

 MW a) 

[kDa] 

Particle sizeb) 

[nm] 

PDIb) 

 

Zeta potential 

[mV] 

DSc) 

[%] 

SH-groupsd) 

 

dPG-SH 10.5 4.3 ± 0.1 0.23 ± 0.02 -2.3 ± 0.5 - 3.3 ±0.1 

dPGS-NH2(10%) 20.0 4.1 ± 0.1 0.33 ± 0.09 -37.2 ± 1 83 - 

dPGS-SH 20.0 5.2 ± 0.1 0.36 ± 0.23 -44.1 ± 1 83 4.0 ± 0.1 

a)calculated with equation S3 based on the weight average molecular weight (Mw) of dPG-OH and the DF; 
b)determined as hydrodynamic diameter by DLS; c)determined by elemental analysis using equation S2; d)determined 
by the Ellman’s assay 
 
We quantified the number of free, reactive thiol groups of dPGS-SH and dPG-SH using the Ellman’s assay. Herein, 
the model disulfide 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) will be reduced by a thiol group quantitatively 
releasing the anion TNB2- in a stoichiometric reaction (Scheme S1).43 Monitoring this reduction by UV-Vis-
spectroscopy enables the quantification of thiol groups per polymer in reference to a standard molecule. dPGS-SH 
and dPG-SH were determined to have 4.0 ± 0.1 and 3.3 ± 0.1 thiol groups per polymer, respectively. Moreover, the 
oxidation stability of dPGS-SH was observed over time by investigating polymer solutions stored under different 
conditions. Remarkably, at 37 °C the polymer oxidizes much slower than NAC (24 h) and DTT (8 h) keeping a free 
thiol content of more than 50% for more than 7 days (Figure 1A). The slower oxidation of dPGS-SH might be 
explained by the charge repulsion of negatively charged polymers that consequently limits intermolecular disulfide 
bond formation. Thus, we assume the predominant mechanism of oxidation in dPGS-SH is intramolecular disulfide 
bond formation of thiol groups in close proximity on the polymer surface. However, considering the decreased 
oxidation rate we expect a potentially higher in vivo stability of our polymeric mucolytics compared to NAC. 
Oxidation of the lyophilized powder could not be observed for dPGS-SH (Figure 1B) even at room temperature, 
allowing long-term storage of our compound. The stability of dPGS-SH was additionally tested under experimental 
conditions in PBS (10 mM, pH = 7.4) of dissolved sample solutions at 25 °C and at 6 °C (Figure 1C), resulting in low 
thiol oxidation within days. Oxygen exclusion by purging the solutions with Argon led to even lower oxidation rates. 

Figure 1: Physicochemical properties and storage stability. (A) Oxidation stability of 10 mM dPGS-SH, DTT or NAC at 
37 °C dissolved in DPBS. Data points represent the mean value of one sample measured in triplicate ± standard deviation. 
(B) Oxidation stability of dPGS-SH as lyophilized powder stored at 25 °C or -18 °C. Data points represent the mean value of 
one sample measured in triplicate ± standard deviation. (C) Oxidation stability of 10 mM dPGS-SH dissolved in DPBS 
(pH = 7.4) at 6 °C or 25 °C and in the presence or absence of argon to replace oxygen in the container. Data points represent 
the mean value of one sample measured in triplicate ± standard deviation. (D) Reaction kinetics of dPGS-SH, dithiothreitol 
(DTT) and N-acetylcysteine (NAC) in the reduction of the model disulfide DTNB at different pH values. K values were 
normalized to the respective number of SH-groups per molecule. Data points represent the mean value of three samples 
measured in triplicate ± standard deviation. 

https://doi.org/10.26434/chemrxiv-2024-p6bw4 ORCID: https://orcid.org/0000-0003-3840-162X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-p6bw4
https://orcid.org/0000-0003-3840-162X
https://creativecommons.org/licenses/by-nc/4.0/


However, subsequent experiments were conducted with solid polymer samples that were used immediately after 
dissolving to their desired concentrations. Next, the reaction kinetics of dPGS-SH and dPG-SH with disulfides were 
monitored and compared to DTT and NAC using a DTNB-based kinetic assay at different pH values. The pH of 
airway surface liquid and exhaled breath condensate44 was reported to be lower (pH ≤ 7) in patients with CF, 
indicating the need for reduction activity of mucolytics at different pH levels. As shown in Figure 1D, dPGS-SH 
clearly is advantageous over NAC in reducing the model disulfide DTNB. Below pH 7 the reduction characteristics 
of dPGS-SH were even faster compared to DTT, which could be beneficial in the treatment of CF lung disease where 
the surface pH can reach levels below 7. 

dPGS-SH does not cause cell toxicity in primary human nasal epithelial cells 

Strong reduction potential can cause toxic in vivo effects45, 46 demonstrating the need for both potent and 
biocompatible mucolytics. To investigate cell toxicity of dPGS-SH in vitro, we treated highly differentiated primary 
human nasal epithelial cells (phNEC) grown in air-liquid interface (ALI) cultures with PBS and 5 mM solutions of 
dPGS-SH, which was the highest concentration used in the biological studies. By using a cell model with mucus-
secreting cells, we investigate toxicity in a system mimicking the native environment of the surface that is in first 
contact with drugs applied as aerosol or dry powder to the lungs. To analyze cell viability, we performed a live/dead 
staining using Zombie aqua via flow cytometry 48 h after treatment. We found no significant difference in cell 
viability between treatment with PBS and dPGS-SH (Figure 2). Lack of cell toxic effects of dPGS-SH up to 5 mM 
concentrations in highly differentiated human airway epithelial cell cultures grown under near-physiological 
conditions support the biocompatibility of our polymer.  

dPGS-SH improves the viscolastic properties of CF sputum 

The viscoelastic properties in CF sputum are characterized by an increased storage modulus (G’) caused by a more 
densely crosslinked mucus gel.40, 47 Thus, a therapeutic strategy is the decrease of G’ from the elevated level towards 
the healthy state by cleaving the excessive number of disulfides. To investigate the reducing effect of dPGS-SH on 
viscoelastic properties of CF sputum samples, we performed rheological measurements and determined the storage 
modulus (G’) and loss modulus (G’’). Sputum samples from CF patients were treated with 1 mM solutions of dPGS-
SH and compared to PBS treated control. In both treatment groups there was a high patient-to-patient variability 
(Figure 3) and G’ predominated over G’’ indicating a gel-like behavior of all sputum samples that has been shown 
previously.12, 40, 48 We found that 1 mM of dPGS-SH caused a significant decrease in G’ (P < 0.05, Figure 3A). For 
the viscous modulus G’’ no change was observed in dPGS-SH treated sputum samples. In addition, mesh size 
wassignificantly increased in CF sputum samples treated with dPGS-SH (mean of 73.5 nm in PBS treated sputum 
samples to mean of 90.5 nm in dPGS-SH treated sputum samples, P < 0.05 Figure 3C). As dPGS-SH has multiple 
thiol groups and could potentially act as a mucin crosslinker, treatment with dPGS-SH may also have the opposite 
effect and an increase the viscoelastic parameters of sputum samples. However, no gelation of the bare polymer 
solutions at the probed concentrations were observed and viewed in combination with the sputum rheology data, our 
results demonstrate a predominantly reducing effect of dPGS-SH.  

Figure 2: Cell viability assay using live/dead stain (Zombie aqua) followed by analysis with flow cytometry. Cell viability of 
highly differentiated primary human nasal epithelial cells (phNEC) grown in air-liquid interface (ALI) shows no significant 
difference between treatment with 5 mM dPGS-SH solution compared to control treatment with PBS. Data represents the 
mean value of 8 to 10 samples with the standard error of the mean. 
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dPGS-SH cleaves multimers of MUC5B and MUC5AC more effectively than NAC 

In addition to rheological measurements, we performed Western blot analyses of CF sputum samples treated with 
increasing concentrations (0.1 mM, 1 mM or 5 mM) of NAC, dPGS-SH, dPG-SH or DTT, and determined effects on 
high-molecular weight multimer intensity of MUC5B and MUC5AC compared to PBS treated controls. Our data 
show no change in high-molecular weight intensity for both mucins in samples treated with increasing concentrations 
of NAC, which is in agreement with previously published data,12, 13 and emphasizes the need for more effective 
mucolytic drugs. Both dPGS-SH and dPG-SH treated sputum samples showed a dose-dependent decrease of the high 
molecular weight intensity and a shift towards lower molecular weight mucins. Samples treated with 1 mM and 5 mM 
DTT showed almost a complete loss of signal (Figure 4), which was also observed in previous studies.12 The 
quantification of the high molecular weight region showed significant dose-dependent decrease in signal intensities 

Figure 3: Effect of dPGS-SH on the storage and loss modulus of sputum from patients with CF. Comparison of mucolytic 
effect of 1 mM solutions of dPGS-SH to PBS-treated control on storage modulus G’ (A), loss modulus G’’ (B) and mesh size 
(C). G′ and G′′ moduli of CF sputum samples are measured at the linear region of an amplitude sweep from 0.01 – 100 % strain 
at 1 Hz. Mesh size was calculated from the storage modulus. Data represents the mean value of 6 to 9 samples ± the standard 
error of the mean. *P < 0.05, compared with PBS treated controls, performed with Wilcoxon test. 

Figure 4: Effect of N-acetylcysteine (NAC), dPGS-SH, dPG-SH and dithiothreitol (DTT) on the high molecular weight 
intensity of airway mucins. Representative Western blot images of MUC5B (A) and MUC5AC (C). Quantification of multimer 
intensity of MUC5B (B) and MUC5AC (D) Western blots, normalized to PBS treated controls. Data represents the mean value 
of 10 samples ± the standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared with PBS 
treated controls; †P < 0.05, ††P < 0.01, †††P < 0.001 and ††††P < 0.0001 compared with 0.1 mM concentration of 
corresponding compound; ‡P ˂ 0.05 and ‡‡P ˂ 0.01 compared with 1 mM concentration, performed with Tukey’s multiple 
comparisons test. 
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for dPGS-SH, dPG-SH and DTT, but not for NAC treated samples (Figure 4B and 4D). These results demonstrate a 
stronger mucolytic effect of dPGS-SH compared to NAC. Moreover, a comparison of the mucolytic activity of dPG-
SH and dPGS-SH proves a thiol- and not sulfate-dependent mucin disassembly took place. 
Although similar mucolytic activities were also observed with small molecule reducing agents,6, 12-14 we here present 
a new class of polymeric reducing agent. As expected from previous reports, DTT also showed mucolytic effects in 
our experiments. However, DTT is associated with an enhanced endoplasmic reticulum stress and H2O2-induced 
toxicity49, 50 and thereby cannot be considered for in vivo application. Moreover, DTT might also lead to a loss of 
mucus transport abilities by its excessive reductive effect of mucin disulfides. 

Conclusions 
We present the concept of a novel macromolecular reducing agent based on dendritic polyglycerol sulfate (dPGS-SH) 
that is more active in cleaving mucin crosslinks than the clinically approved NAC. Moreover, dPGS-SH demonstrated 
higher stability compared to NAC even at 37 °C, and no toxicity on primary human nasal epithelial cells could be 
observed up to a tested concentration of 5 mM dPGS-SH. Notably, dPGS-SH caused a significant chemical reduction 
of mucin crosslinks in sputum of CF patients in a dose-dependent manner in Western blot and improved viscoelastic 
properties in rheological experiments. 
We herein present a new, multifunctional class of reducing agents based on a polymer, which in comparison with 
previously reported mucolytics,12-14 clearly differentiates by its size, molecular weight and having multiple, covalently 
bound thiol groups per molecule. Additional antiviral and anti-inflammatory features from the highly sulfated polymer 
can be expected from previous studies on dPGS.20, 21, 24-26 Future investigations will address the effect of 
multifunctionality on mucolytic activity by comparing polymers with different sizes and degrees of thiolation. Our 
data supports future evaluation for potential clinical application as a novel mucolytic for the treatment of CF and other 
muco-obstructive lung diseases.  
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