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Abstract 

 Drugs and drug delivery systems have to traverse multiple biological barriers to achieve 

therapeutic efficacy. In diseases of mucosal-associated tissues such as cystic fibrosis (CF), 

successful delivery of gene and drug therapies remains a significant challenge due to an 

abnormally concentrated viscoelastic mucus, which prevents ~99% of all drugs and particles 

from penetrating the mucus barrier and the underlying epithelia for effective therapy, resulting in 

decreased survival. We used combinatorial peptide-presenting phage libraries and next-

generation sequencing to identify hydrophilic, close to net-neutral charged peptides that 

penetrate the mucus barrier ex vivo in sputum from CF patients with ~600-fold better 

penetration than a positively charged control. After mucus penetration, nanoparticles conjugated 

with our selected peptides successfully translocated into lung epithelial cells derived from CF 

patients and demonstrated up to three-fold improved cell uptake compared to non-modified 

carboxylated- and gold standard PEGylated-nanoparticles. The selected peptides act as surface 

chemistries with synergistic functions to significantly improve the ability of drug delivery systems 

to overcome the human mucosal barriers and provide efficient cellular internalization. Our 

screening strategy provides a biologically-based discovery assay that directly addresses 

transport through mucus and cell barriers and has the potential to advance drug and gene 

delivery to multiple mucosal barriers. 

 

Keywords: phage display, next-generation sequencing, bioinformatics, drug delivery, peptides,  

cystic fibrosis, mucus, mucosal barriers. 
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Introduction 

For successful treatment of mucosal-associated diseases, such as cystic fibrosis (CF), 

HIV, asthma, and chronic obstructive pulmonary disease, it is critical for drug and gene 

therapies to cross several biological barriers to enter the target cells at therapeutic 

concentrations. One of the initial and primary barriers is the protective mucus layer lining the 

epithelia in the eyes, airways, gastrointestinal and cervicovaginal tracts [1-3]. Mucus is a 

complex biopolymer composed mainly of water, mucin glycoproteins, lipids, DNA, non-mucin 

proteins, salts, and cell debris [4]. The mucus layer acts as a transport barrier and can greatly 

hinder the diffusion of drugs, particles, and other molecules [5-7] via size filtering, mucociliary 

clearance, and intermolecular interactions, including electrostatic, hydrophobic, and/or other 

specific binding interactions [8]. For example in CF, the hyperconcentrated mucus layer traps 

foreign pathogens, resulting in chronic bacterial infections and concomitantly prevents up to 

99% of drugs and particles from penetration needed for successful therapy [9, 10]. As a result, it 

is a long-standing challenge for drugs to permeate the mucus barrier and reach the underlying 

epithelia.  

Considerable advancements have been made towards the development of different drug 

delivery strategies that attempt to overcome the mucus barrier, including use of mucolytic 

agents [11, 12], mucoadhesive [13-15], and mucus-penetrating [16-19] delivery systems. It has 

been demonstrated that the use of net-neutral charge hydrophilic polymers can improve the 

transport of nanoparticles and minimize interactions with respiratory mucus [17, 20], 

gastrointestinal mucus [21, 22], and cervical mucus [23-25]. However, it has been estimated 

that only 35% of 200 nm nanoparticles functionalized with poly(ethylene glycol) (PEG) 3.4 kDa 

are capable of penetrating through a 10 µm CF sputum layer within 20 min [17]. Also, there 

have been numerous clinical studies that have demonstrated that people have pre-existing anti-

PEG antibodies [26, 27] and present an immune response after the administration of PEGylated 

proteins [26, 28], aptamers [29, 30], and nanoparticles [31, 32]. As a result, there are potential 
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concerns for the safety and feasibility of PEG carriers prior to their use for mucus penetrating 

delivery, and there is a need to find alternative mucus-penetrating chemistries.   

After mucus penetration, drug delivery systems must enter target cells to efficiently 

deliver their therapeutic payload. Although PEGylated systems demonstrate improved diffusion 

in mucus via decreased hydrophobic and electrostatic interactions, PEGylation can hinder 

cellular uptake of the drug carrier system [33-37]. PEGylation has been shown to increase 

serum protein binding of lipid/DNA complexes in vitro and decrease gene delivery in vivo [38, 

39]. In genetic diseases such as CF, it is essential that delivery systems can deliver small 

molecules or nucleic acid therapeutics intracellularly. For enhanced cellular uptake of carriers, 

targeting ligands such as peptides have been tested. For example, poly(lactic-co-glycolic acid) 

PLGA nanoparticles modified with cell-penetrating peptides through a PEGylated phospholipid 

linker have been tested for gene delivery to the lungs, with modest gene correction effects 

(<1%) [40]. Also, PEGylated cell-penetrating peptide nanoparticles have been tested in vitro and 

in vivo for lung gene therapy with different densities of PEG coatings, however a decrease in 

DNA uptake and transgene expression was found with increasing PEGylation rates, compared 

to non-PEGylated particles [41]. Current strategies mostly focus on either mucus penetration or 

cell penetration, but there has not been a single surface chemistry that addresses both mucus 

and cellular barriers.  

However, in nature, viruses have evolved to possess properties for favorable 

interactions for mucus transport [42, 43]. Complex virus-like particles that are hydrophilic and 

display highly densely charged, alternating cationic and anionic amino acids on their surface 

have demonstrated unhindered, diffusive transport through mucus comparable to saline [42]. It 

has also been demonstrated that peptides with asymmetric charge properties had improved 

transport in reconstituted mucin [44]. Collectively, these results suggest that biomolecules have 

diverse physicochemical properties (i.e. charge, hydrophilicity, their spatial distribution) and by 
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changing their permutation, a large molecular diversity can be achieved and leveraged to 

identify new surface coatings with favorable interactions for mucus-penetrating transport.  

In this work, we identify peptide coatings with the ability to penetrate CF mucus using 

phage-assisted directed evolution and ultimately, achieve intracellular uptake in mutant CF 

epithelial cells. Bacteriophage (phage), or viruses that infect bacteria, have been engineered as 

display systems to express combinatorial libraries of up to 109 different peptides or proteins on 

their viral coat proteins (i.e. different peptide per phage), which function as a collection of 

surface chemistries with diverse physicochemical properties and functionalities [45]. Iteratively 

screening of peptide-presenting phage libraries is a powerful high-throughput method for 

identification of peptide coatings to a variety of targets with no known lead structures or 

substrates that can favorably interact with mucus for penetration and desired functionalities. The 

highly diverse libraries are collapsed to a few leads by performing repetitive rounds of selection 

against the target, or selection pressure (i.e. biopanning) [46, 47]. 

 Here, we screened peptide-presenting phage libraries against a mucus barrier, used 

next-generation DNA sequencing to identify the genetically-encoded peptides from a vast 

sequence space, and then validated their mucus-penetration ex vivo using clinical samples from 

the sputum of cystic fibrosis patients. In CF, the mutation of the CF transmembrane 

conductance regulator gene expressed in epithelial cells [48, 49] manifests in unbalanced ion 

transport, impaired mucociliary clearance, dehydration of the airway epithelia, and the 

accumulation of abnormal, hyperconcentrated mucus [50]. The increase in mucus concentration 

and inability to clear the mucus creates a physical barrier that traps pathogens and drastically 

decreases drug diffusion, absorption, bioavailability, and consequently limiting therapeutic 

outcomes of mucosal drug delivery systems [51, 52]. In this study, we present a general 

strategy to identify mucus-penetrating peptides, validate identified peptides in CF sputum 

samples from patients, and confirm the cellular uptake of nanoparticles functionalized with 

mucus-penetrating peptides. This biomolecule-based approach can be translated to therapeutic 
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delivery strategies of drug and gene carriers across mucosal barriers and the dense mucus 

barrier present in disease states like cystic fibrosis, chronic pulmonary obstructive disease, and 

asthma. 

 

Results 

High-throughput sequencing of phage libraries screened against CF mucus indicates a 

convergence for unique peptides 

The constructed T7 phage CX7C library had a diversity (i.e. number of phage displaying 

unique peptide sequences) of 3.7x105 distinct clones, as determined by next-generation 

sequencing (Supplementary Table 2) and a phage concentration of 1.24 x 1011 plaque forming 

units per mL (pfu/mL), as determined by standard double-layer plaque assay. To identify 

peptide-presenting phage that diffuse across the barrier, the T7 phage CX7C library was 

iteratively screened against a CF mucus model (Fig. 1A). One hundred microliters of CF mucus 

were added on the donor side of the transwell system, which contained 600 µL of 1X phosphate 

buffered saline (PBS) on the receiver compartment. In the first round, 4.2 × 109 pfu of the 

original phage library was added on top of the CF mucus layer, and the number of phage that 

diffused to the receiver side after 1 hour was quantified by plaque assay. Ten microliter aliquots 

were also collected after 15 and 30 minutes for further analysis by high-throughput sequencing. 

After 1 hour, the entire eluate was collected, amplified (i.e. grow more copies), and was 

incubated on CF mucus for a second round of screening. This procedure was repeated for a 

total of three rounds of screening.  

There was a significant 232-fold increase in the output to input of phage (C/C0) that 

penetrated through CF mucus from the third round compared to the first round (Fig. 1B). This 

increase under selection pressure of mucus barrier suggests there is possible enrichment for 

clones with desired properties (i.e. mucus penetration) in CF mucus [47, 53].  
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Figure 1. Overview of the iterative phage library selection in CF mucus model. (A) A T7 phage peptide 
library with an initial diversity of 105 distinct clones is added on top of a CF mucus layer in a Transwell 
system (Corning, MA) and incubated in the donating reservoir with 1X PBS. Phage that penetrate through 
CF mucus are collected, quantified by standard double-layer plaque assay, and amplified by E. coli for 
use either in the next selection round or subjected to PCR and next-generation high-throughput DNA 
sequencing. (B) Enrichment of phage plaque forming units recovered from the basolateral side over three 
rounds of screening (R1 to R3, n = 3), quantified by standard double-layer plaque assay (unpaired, two-
tailed Student's t-test, p<0.01). 

 

Next, the phage DNA from all three selection rounds in replicates was isolated, PCR 

amplified, and sequenced by high-throughput sequencing. For each of the samples, an average 

of 635,004 ± 124,391 DNA sequences was obtained. From these sequences, sequences that 

did not encode for the CX7C peptide sequence or included stop codons before the first cysteine 

residue were excluded from subsequent analysis and experiments; otherwise, reads would 

contain a significant fraction of sequences with TAG stop codons or not display any peptide 

sequence. The number of unique peptide sequences in each sample decreased considerably 

with each subsequent round of selection (Supplementary Table 2), which has been observed by 

others [53, 54].  

To determine the distribution and abundance of peptide sequences and reproducibility 

(i.e. similarity between replicates) with each round of selection, we analyzed density plots of 

peptide frequencies (i.e. counts) (Fig. S1). With each successive round of selection (denoted as 
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R1-R3), the frequencies of specific peptide sequences in both replicates (denoted as replicate 1 

and replicate 2) were reproducible; peptides observed with 100 counts in replicate 1 were 

observed at similar frequencies in replicate 2. Moreover, from the heat map, there is a 

convergence of the most frequent peptides. With each successive round of selection, the 

number of unique sequences decreases, and there is a convergence of abundant peptides (Fig. 

S1), which suggests there is selection and enrichment for unique peptide sequences [47]. 

Next, the amino acid composition of peptide sequences from each round of selection 

was compared to the original library (Fig. S2). Here, mostly hydrophobic amino acids had an 

overall decrease in their frequency during selection compared to the original library. There was 

an enrichment in glycine (G), serine (S), and in the acidic residues glutamic acid (E) and 

aspartic acid (D) over rounds compared to the original library. Basic residues such as histidine 

(H), lysine (K), and arginine (R) had an overall decrease in frequency after three rounds of 

selection against CF mucus. 

 

Identification of CF mucus-penetrating peptides by high throughput sequencing leads to 

negative to neutral net-charge and hydrophilic sequences 

After high-throughput sequencing of DNA isolated from phage eluates, sequences were 

translated, and the top 20 most abundant peptide sequences and their physicochemical 

properties (i.e. charge and hydropathy GRAVY score) were calculated (Fig. 2). The median net-

charge was close to -1.0 in the three rounds; however, the interquartile range indicates there is 

a trend for the distribution to approach neutral charge with each round of selection. The GRAVY 

score gradually increased with subsequent rounds of selection, but overall, sequences were 

mostly hydrophilic to neutral. 
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Figure 2. (A) Net charge at pH 7.0 and (B) GRAVY score of top 20 peptide hits in 60 minutes eluates, 
found by high-throughput sequencing of phage display selection against CF mucus. Net charge was 
calculated by Protein Calculator v3.4 (The Scripps Research Institute, La Jolla, CA. Available at 
http://protcalc.sourceforge.net/), and GRAVY score was calculated according to the literature [55]. (A) 
median, IQR. (B) mean ± SD. One-way analysis of variance (ANOVA) with Tukey’s multiple comparisons 
test (p<0.05). 
 

Next, BLASTp local alignment search was done on the top 20 most abundant peptide 

sequences to identify their sequence to an existing database of known proteins. Of interest, 

peptide sequences PEPTIDE-2, PEPTIDE-3, and PEPTIDE-4 had homology to mucin 16 

(MUC16), mucin 2 precursor (MUC2), and mucin 19 precursor (MUC19), respectively (Table 1). 

MUC16 is a cell surface associated mucin present in the airways, salivary glands, cervix, and 

eyes; MUC2 and MUC19 are secreted, gel-forming mucins present either in the airways, 

salivary glands, intestine, cervix, and/or eyes [2]. Another sequence of interest, PEPTIDE-1, 

was present in the top 20 most abundant peptide sequences throughout all rounds and in 

sequenced replicates. The aforementioned sequences possess either slightly negative or close 

to neutral net charges at pH 7.0 and were close to neutral or hydrophilic as indicated by the 

calculated GRAVY index score (Table 1) [55]. 

 
Phage clone Sequence Feature Net charge 

at pH 7.0 
GRAVY 
score 

Clone 1 PEPTIDE-1 Top 20, R1-3, n1-2 -2.1 0.086 
Clone 2 PEPTIDE-2 Top 20, MUC16 hit 0 -0.411 
Clone 3 PEPTIDE-3 Top 20, MUC2 precursor -0.1 -0.157 
Clone 4 PEPTIDE-4 Top 20, MUC19 precursor 1 -1.211 
Positively charged (+) CRRRRKSAC Control, positive charge 5 -1.767 

 
Table 1. Physicochemical properties of selected mucus-penetrating peptides. Amino acid sequences, net 
charge at 7.0, and GRAVY score of peptide hits found by high-throughput sequencing of phage display 
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selection against CF mucus. Net charge was calculated by Protein Calculator v3.4 (The Scripps Research 
Institute, La Jolla, CA. Available at http://protcalc.sourceforge.net/), and GRAVY score was calculated 
according to the literature [55]. 

 

To ensure that the frequency of identified sequences was due to screening and not 

growth bias, these sequences were compared to the naïve library grown without selection [53, 

56]. The naïve phage library was amplified without any selection pressure for three rounds, and 

these samples were sequenced by high-throughput sequencing to identify overrepresented 

sequences indicative of fast growers. Selected peptide sequences from Table 1 were not 

amongst the overrepresented sequences present in the amplified rounds of the naïve library. In 

addition, we compared the selected peptide sequences to databases that have identified 

sequences with growth bias and/or non-specific affinity, also known as “target-unrelated 

peptides” (TUP) (54, 55); the selected peptide sequences (Table 1) were not found in these 

comprehensive databases. These results indicate that selected peptides are not artefactual and 

can be further validated for penetrating transport through the mucus barrier. 

 

Permeation assays of phage clones displaying the identified peptides indicates selection 

for phage particles with enhanced diffusion across CF mucus 

Permeation assay across CF mucus model. We performed a permeation assay in a 

transwell system similar to the phage screening to confirm that identified phage-displayed 

peptides (Table 1) improve diffusion of phage across the CF mucus model. Each phage clone 

(2.0 × 109 genomic copies (gc)) displaying PEPTIDE-1, PEPTIDE-2, PEPTIDE-3, or PEPTIDE-4 

(denoted as Clones 1-4, respectively), along with a positive charge phage control (Clone (+)) was 

added on top of a CF mucus layer on the donor compartment of a transwell system. Phage that 

diffused across the mucus layer were recovered from the receiver compartment, and the amount 

of phage (Q) in the eluates was quantified by qPCR. As shown in Fig. 3A, phage clones 3 and 4 

permeated across CF mucus 9- and 13-fold higher, respectively, compared to the positively 

charged control clone (+). Clone 1 did not show improved permeation compared to control, and 
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clone 2 showed modest 3-fold improved permeation compared to the positively charged control 

clone (+). These findings suggest that the identified clones 3 and 4 have the ability to facilitate 

phage diffusion across CF mucus.  

 

	

Figure 3. Amount of phage clones that permeate across (A) CF mucus model, and (B) CF sputum. Each 
phage clone (2.0 × 109 genomic copies (gc)) was added on top of a CF mucus layer on the donor 
compartment of a transwell system. Phage that diffused across the mucus layer were recovered from the 
basolateral side at 2 hours, and phage amounts (Q) in the eluates were determined by qPCR (ns, not 
significant, p=0.1000 for clone 4 and clone (+) in CF mucus; p=0.1371 for clone 2 and clone (+) in CF 
sputum). Data represents mean ± SD (n = 3). Kruskal-Wallis test with Dunn’s multiple comparisons was 
used. 
 

Permeation assay of phage-displayed peptides against pooled CF sputum from 

patients. Based on our permeation studies of phage-displayed peptides against CF-like mucus, 

we selected the best phage-displayed peptides and validated their ability to improve diffusion of 

phage across patient samples. Here we performed a permeation assay in a transwell system 

similar to the CF-like mucus permeation assay but used CF sputum from patients (n = 15) pooled 

together to minimize patient-to-patient variation. Phage were incubated and quantified similar to 

the CF-like permeation assay. As shown in Fig. 3B, phage clones 2, 3, and 4 permeated across 

CF sputum 590-, 375-, and 244-fold more than the positively charged control clone (+), 

respectively.  

Permeation assay across CF sputum from individual patients. To determine patient-

to-patient differences in diffusion of phage clones validated in CF mucus, we performed a 
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permeation assay against CF sputum from individual patients (N=6). Fig. 4 shows the amount of 

each clone that permeates through the sputum of individual patients. There is considerable 

variability in phage permeability amongst patients, regardless of phage clone used. In individual 

patient samples, phage that permeated was independent of the peptide sequence—all tested 

phage clones either diffused through the barrier or demonstrated poor permeability. This 

suggests that phage diffusion in CF sputum might be patient-specific and can be governed by 

different properties in sputum, such as composition, solids content, and pore size. 

 

 

 

Figure 4. Phage clones permeation across CF sputum from individual patients. Each phage clone (2.0 × 
109 genomic copies (gc)) was added on top of a CF sputum layer on the donor compartment of a transwell 
system. Phage that diffused across the CF sputum were recovered from the basolateral side at 2 hours, 
and phage amounts (Q) in the eluates were determined by qPCR. Data represents mean ± SD (n = 3), 
Kruskal-Wallis test with Dunn’s multiple comparisons, not statistically significant. 
 

Biochemical characterization of CF sputum indicates patient heterogeneity 

To characterize the components of CF sputum that could affect phage permeation, we 

measured the solids content, disulfide bond (i.e. cystine), mucin, and DNA concentration, and 

we quantified the porosity (i.e. void area %) of CF sputum samples. As shown in Fig. 5A, 

sputum samples from patients CF-00017, CF-00019, and CF-00021 had from 2- to 7-fold 
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statistically significant higher solids content compared to the other patient samples (p<0.0001). 

The cystine content of the CF pooled sample was approximately 2- to 3-fold lower compared to 

individual patients, and patients CF-00017, CF-00019, and CF-00021 had the highest cystine 

content among all the samples tested (Fig. 5B). In Fig. 5C, patients CF-0009 and CF-00015 had 

lowest DNA concentrations, with approximately 60-fold lower concentrations compared to 

patients CF-00017, CF-00019, and CF-00021. Mucin concentration was 2-fold higher in patients 

CF-00017, CF-00019, and CF-00021, compared to the other samples, as shown in Fig. 5D.  

Porosity measurements (Fig. 5, E-G) indicate clear differences between patients’ samples at the 

microscale. Considerable larger pores (red areas in Fig. 5, F and G) are present in patients CF-

00017 and CF-00019, compared to the other patients. Moreover, there was an approximately 

1.5-fold and 3-fold higher measured porosity in patients CF-00017 and CF-00019 samples 

compared to CF pooled patient sample and other patients (Fig. 5E), respectively.  

 

	 	 	 	

	 	

Figure 5. CF sputum samples biochemical composition is significantly different between patients. (A) 
Solids content, (B) cystine content (i.e. disulfide bonds), (C) DNA concentration, (D) mucin concentration, 
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(E-G) void area (i.e. porosity) measurements. Data represents mean ± SD (n = 3). One-way analysis of 
variance (ANOVA) with Tukey’s multiple comparisons test. 
 

Multiple particle tracking in CF sputum 

Next, we wanted to measure the diffusivities of our mucus-penetrating peptides out of 

structural context of phage and compare their transport with poly(ethylene) glycol (PEG) 

chemistries of similar size scale. To compare our peptides with PEG, here we performed multiple 

particle tracking experiments with fluorescent carboxyl-modified 100 nm nanoparticles either 

conjugated with mucus-penetrating peptides or 1 kDa mPEG and measured their transport rates 

in CF sputum at the microscale.  Based on our permeation assays using phage, two patient 

samples CF-00015 and CF-00021 were chosen for comparison using particle tracking. Fig. 6 A-

B and Table 2 show the mean squared displacement (MSD) per µm2 over time scale t = 1 s for 

each patient. As shown in Fig. 6 and Table 2, 100 nm nanoparticles conjugated to PEPTIDE-2 

had approximately 1.5-fold better transport rates compared to PEPTIDE-4 functionalized 

nanoparticles in patient CF-00015. Nanoparticles conjugated with peptides performed up to 1.3-

fold better in patient CF-00015 compared with mPEG conjugated nanoparticles, while in patient 

CF-00021, mPEG exhibited up to 1.5-fold higher MSD per µm2 at t = 1 s. In addition, patient CF-

00015 had approximately 50-fold higher MSD values compared to patient CF-00021. This result 

correlates with phage permeation results, where phage clones permeated approximately 5000-

fold higher through patient CF-00015 compared to patient CF-00021 (Fig. 4). 

 

Surface chemistry Diameter 
(nm) 

Zeta-
potential 

(mV) 
PDI 

<MSD> (µm2) at time scale t = 1 s 
CF-00015 CF-00021 

COOH 110.4 ± 0.6 -52.3 ± 0.5 0.019 0.501 ± 0.176 0.018 ± 0.002 
PEPTIDE-2 113.3 ± 0.9 -49.5 ± 0.3 0.014 0.517 ± 0.247 0.015 ± 0.006 
PEPTIDE-3 113.8 ± 1.5 -48.6 ± 0.9 0.013 0.442 ± 0.104 0.017 ± 0.003 
PEPTIDE-4 113.5 ± 2.8 -47.2 ± 1.4 0.020 0.386 ± 0.091 0.012 ± 0.004 
mPEG 1 kDa 116.6 ± 2.3 -45.0 ± 1.1 0.015 0.399 ± 0.222 0.019 ± 0.003 

 
Table 2. Characterization of fluorescent carboxyl-modified 100 nm nanoparticles conjugated onto their 
surface via EDC chemistry with clones 2-4 peptides sequences, and mPEG 1KDa measured by DLS at 
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25 oC. Ensemble mean squared displacement (MSD) per µm2 at time scale t = 1 s for patients CF-00015 
and CF-00021. Data represents mean ± SD (n = 3). 
 

    

Figure 6. Multiple particle tracking of carboxylated 100 nm fluorescent nanoparticles conjugated to clones 
2-4 peptide sequences and mPEG in CF sputum samples from patients (A) CF-00015 (ns, not statistically 
significant between samples at time scale t = 1 s) and (B) CF-00021 (p=0.0002 for COOH vs Clone 4, 
p=0.0015 for Clone 3 vs. Clone 4, and p<0.0001 for Clone 4 vs. mPEG 1K). One-way analysis of variance 
(ANOVA) with Tukey’s multiple comparisons test. Data represents mean ± SD (n = 3).	
 

Mucus barrier and cell uptake co-culture assay indicate higher uptake of mucus-

penetrating peptide-conjugated nanoparticles 

Building on our work to identify and characterize peptides that transport through the CF-

like and CF patient sputum, we wanted to confirm their ability as surface chemistries to facilitate 

intracellular uptake of nanoparticles. Nanoparticles are promising carriers as for transmucosal 

delivery due to their ability to deliver and protect large amounts of therapeutic cargo while 

minimizing off-target toxicity. However, these nanoparticles must overcome the transport 

barriers presented by both the mucus and cell surface. The enhanced transport of nanoparticles 

across mucus barriers using different surface chemistries, such as hydrophilic, net-neutral 

polymer coatings, has been extensively demonstrated [7, 17, 20, 23, 57-60]. However, even 

after penetration through the mucus barrier, nanoparticles must bind and enter cells to deliver 

their payload. Previous studies have demonstrated that the cellular uptake of nanoparticles 

depends on their physicochemical properties such as size, shape and surface chemistry [61-

64]. While existing surface coatings on nanoparticles improve mucus penetration, there are 
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challenges associated with achieving intracellular uptake in CF-affected cells. Consequently, we 

confirmed that our mucus penetrating peptides as surface coatings could permeate through CF 

sputum and achieve cell uptake. Towards this end, we incubated 1 mg/mL of fluorescent 

nanoparticles functionalized with mucus-penetrating peptides or mPEG in a transwell co-culture 

with CF sputum on the donor compartment and CuFi-1 bronchial epithelial cells in the receptor 

compartment for 2 hours at 37oC, and uptake was measured by flow cytometry (Fig. 7A). Prior 

to incubation in the co-culture setup, the nanoparticles were monodisperse and stable in 1X 

PBS and in bronchial epithelial growth medium (BEGM) (Supplementary Table 3). From the 

transwell co-culture assay of nanoparticle uptake, there was approximately 3-fold higher uptake 

of PEPTIDE-2 conjugated nanoparticles compared to non-modified, carboxylated nanoparticles 

and mPEG 1KDa conjugated nanoparticles (Fig. 7B). PEPTIDE-4 conjugated nanoparticles 

exhibited 2.6- and 2.2-fold significantly improved uptake compared to carboxylated 

nanoparticles and mPEG 1kDa conjugated nanoparticles, respectively (Fig. 7B). 

To confirm that improved uptake was due to cellular uptake and not decreased delivery 

due to hindered diffusion through CF sputum, we tested the ability of conjugated nanoparticles 

to enter cells directly without permeation across CF sputum. Here, we incubated the CuFi-1 

cells with 25 µg/mL of each fluorescent nanoparticle suspension for 2 hours at 37oC and 

quantified uptake by flow cytometry (Fig. 7C). As shown in Fig. 7D, CuFi-1 cell uptake of 

carboxylated, PEPTIDE-2, and PEPTIDE-3 functionalized nanoparticles was approximately 2.1-

fold higher compared to 1kDa mPEG conjugated nanoparticles. PEPTIDE-4 conjugated 

nanoparticles exhibited approximately 1.6-fold higher cell uptake compared to 1 kDa mPEG 

conjugated nanoparticles. 
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Figure 7. Overview of nanoparticles cell uptake and ranking of the fluorescence intensity of cells. CuFi-1 
cells were incubated with 100 nm yellow-green carboxyl-modified nanoparticles conjugated onto their 
surface via EDC chemistry with peptides sequences 2-4, and mPEG 1kDa for 2 hours at 37oC before flow 
cytometry measurements. (A-B) transwell co-culture nanoparticle uptake assay with CF sputum and CuFi-
1 cells; (C-D) CuFi-1 cells and nanoparticle uptake study. One-way analysis of variance (ANOVA) with 
Tukey’s multiple comparisons test. Data represents mean ± SD (n = 3). 
 

Discussion 

For successful delivery, drug and gene therapies must overcome poor diffusion through 

the mucus barrier and after crossing the mucus layer, must also achieve intracellular uptake. To 

address these challenges, we have developed a phage transport assay to screen T7 phage-

displayed peptide libraries in CF mucus to identify mucus-penetrating peptides as surface 

coatings that facilitate transport through mucus and ultimately, penetrate the affected cells. The 

T7 phage vector can be genetically engineered to multivalently display 415 copies of a peptide 

on its gp10 protein coat [65] and has size features (~60 nm diameter) on the scale of 
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conventional synthetic nanoparticles. After repeated screening of T7 phage library (~105 

diversity of random peptides) against CF mucus (Fig. 1A), we identified phage able to transport 

through mucus with more than 200-fold increased output in the third round eluates compared to 

the first round of screening (Fig. 1B). This increase in output is indicative of enrichment and 

selection of phage clones with favorable properties [47], in this case for mucus penetration. 

Previously, using a different M13 phage library against CF mucus-like reconstituted mucin, we 

identified phage with up to 17.5-fold improved output ratios in mucus in the fourth round of 

screening, and phage-displayed peptides demonstrated up to 2.6-fold improved transport in 

mucus compared to wild-type control (i.e. non-recombinant, insertless phage) [66]. However, 

this low-throughput sample size (20-100 clones) from traditional Sanger sequencing, while 

providing valuable information, presents a limited repertoire of the complete sequence space 

(less than 0.01% of available sequences), and as a result, it is likely that better performing 

peptides are not identified [53]. Second, the low copy display of peptides on the p3 coat of M13 

(i.e. 5 copies versus 415 for T7) has a small surface area and does not allow for multiple 

interactions with the mucus substrate, which is needed to identify peptides that have desired 

weak but reversible interactions with mucus needed for penetrating transport [67]. Finally, while 

previous work focused on phage transport through reconstituted mucin, it is necessary to 

validate transport in sputum samples of CF patients; building insights from patient samples 

advances translational aspects in therapeutic applications of the mucus- and cell-penetrating 

peptide carriers. 

 We utilized a bioinformatics workflow to count and sort the frequencies of individual 

phage-displayed peptides in each eluate from the rounds of screening against CF mucus. A 

large diversity of peptides was observed in the output eluates in the first-round replicates 

(Supplementary Table 2), possibly due to the complexity of the sample. However, there were 

fewer unique peptides after each round, with a ~12- and 15-fold decrease after the second and 

third rounds compared to the first round, respectively (Supplementary Table 2). This observation 
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is in agreement with the expected process of selection, where there is an increase in specificity 

of phage-displayed peptides over additional rounds of selection and a decrease in their 

sequence diversity [47, 54]. These findings suggest that mucus acts as a selection pressure for 

unique mucus-penetrating peptides after each round of screening.  From selection, a small set 

of mostly hydrophilic and slightly negative or close to neutral net-charge peptide sequences 

were selected for subsequent transport studies in patient samples (Table 1). Of interest, three of 

the four discovered peptides presented homology to human mucin proteins in a basic local 

alignment search tool (BLASTp) database search. Sequence homology of peptide sequences to 

their targets have been previously reported in phage display biopanning experiments in the 

human vasculature, collagen, and peanut allergens, among others [68-73]. It is feasible that 

mucus biomimetic peptides might shield or have less hindered intermolecular interactions with 

mucins [74], enabling their diffusion across mucus, although the selected peptide sequences 

are small in size and may not represent a statistically significant alignment with proteins from  

BLASTp databases.  

The combination of phage display libraries with high-throughput sequencing provided an 

in-depth study of the phage selection process and also the identification of the most abundant 

peptides sequences in each round of screenings. We determined the overall amino acid 

composition of the peptides from each round of selection (Fig. 3). There was an increase in 

glycine, serine, and acidic residues, such as glutamic acid and aspartic acid, and a decrease in 

hydrophobic and basic residues, such as histidine, lysine, and arginine. The changes in amino 

acid composition during selection can be attributed due to intermolecular interactions (or lack 

thereof) between peptide substrates with mucins present in mucus. Mucins, the main non-

aqueous component of mucus, are heavily glycosylated proteins with an overall net-negative 

charge due to high sialic acid and sulfate content [75]. Subsequently, it has been demonstrated 

that positively-charged molecules typically exhibit low permeability across the mucus barrier due 

to interactions with the glycoproteins and lipids in the mucus [9, 76]. Furthermore, the diffusion 
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of hydrophobic molecules in mucus is hindered compared to hydrophilic molecules due to 

adhesive interactions with hydrophobic domains stabilized by disulfide bonds present in mucins 

[77]. These findings suggest that hydrophobicity and charge can influence diffusion in mucus 

due to intermolecular interactions with mucins. Moreover, we calculated the physicochemical 

properties (i.e. charge and hydrophobicity) of the most twenty abundant sequences in each 

round of screening, and the in silico analysis indicated that the peptide pool presented mostly 

negative net-charge and hydrophilic sequences over rounds of selection. The prevalence of 

hydrophilic residues is consistent with prior work where hydrophilic polymers provided an inert 

surface for mucus, or “muco-inert”, which minimizes mucin interactions for improved particle 

transport [17].  

 We confirmed that identified phage-displayed peptides improved diffusion of phage in 

reconstituted CF mucus and sputum from CF patients (Fig. 5). We pooled samples from 

patients to minimize patient-to-patient variability and were able to demonstrate up to ~600-fold 

greater permeation of the phage-displayed peptides in CF sputum, compared to the positively 

charged control phage clone. Since mucus has an overall negative net-charge due to the 

presence of carboxyl or sulfate groups on the mucin proteoglycans, it is expected that neutral to 

negatively charged molecules diffuse faster compared to positively charged molecules due to 

lack of strong electrostatic-driven binding to mucin fibers [57]. Indeed, previous studies 

corroborated that neutral and negatively charged nanoparticles have demonstrated higher 

diffusivities in mucus compared to positively charged particles [23, 78].  

We also studied transport of the identified phage-displayed peptides in sputum samples 

from individual CF patients. Transport through samples was dependent of the heterogeneity of 

mucus. It has been reported that increased solids, mucin, DNA, and disulfide bonds content 

reduced pore size in the sputum mesh [52, 60, 79]. Surprisingly, patients 17 and 19 showed 

higher amounts of solids, disulfide bonds, DNA, and mucin content, yet presented larger 

porosities. Those patients presented highest permeabilities of the tested phage clones. Patient 
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15, in contrast, presented lower solids, disulfide bonds, DNA, and mucin content, while 

presenting lower porosity measurements but still higher phage permeation. Patient 21 

presented a greater barrier for phage permeation, which can be explained by the combination 

between higher solids, disulfide bonds, DNA, and mucin content with low porosities, imposing a 

challenging barrier for particles and molecules to diffuse through. These findings suggest that 

the properties governing diffusion of particles in sputum at the microscale are patient-dependent 

and not controlled only by the mucus composition alone. The permeation of molecules and 

particles in sputum are most likely governed by a combination of factors, including mesh size, 

mucin concentration, and physical entanglements between mucin fibers, DNA, and disulfide 

cross-linking [79]. Patient heterogeneity for CF samples has been previously reported in the 

literature, with sample variations even between the same patient intra-day, or within the same 

sample [80], which suggests that CF sputum properties at the microscale are patient-specific. 

Our findings motivate future studies to screen phage-displayed peptide libraries against 

individual CF patients for personalized medicine strategies.   

To query the transport of the identified peptides in the CF sputum microenvironment, we 

conjugated synthetic peptides to carboxyl-modified polystyrene nanoparticles of 100 nm 

diameter and compared their mean squared displacement (MSD) in patient sputum with 

nanoparticles conjugated to mPEG 1 kDa. Recent studies have shown hydrophilic, net-neutral 

charge PEG polymer and polymer conjugates can improve transport of particles in CF sputum 

up to 90-fold compared to uncoated particles and improve therapeutic activity of antibiotics such 

as tobramycin against bacterial biofilms commonly associated with CF infections [17, 81-83]. 

Here, we used PEG 1 kDa as it is expected that similar molecular weights among peptides and 

PEG conjugates would experience similar steric hindrance within the mucin fiber mesh network, 

and potential differences in diffusivities would be mostly attributed to electrostatic and 

hydrophobic interactions with mucus components. Interestingly, we found that the diffusion of 

carboxylated uncoated nanoparticles was close or sometimes better than the conjugated 
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chemistries in both patients. This could be partially attributed to the reduced size compared to 

the conjugated nanoparticles, since those were uncoated particles. While the addition of 

peptides and mPEG to carboxylated nanoparticles slightly increased the zeta-potential, the 

overall net-charge of all the particles remained negatively charged, which could affect diffusion 

of particles in CF sputum, as previously described. Nevertheless, our findings are in agreement 

with previous reports in the literature where 40% of uncoated carboxyl-modified polystyrene 

nanoparticles were able to diffuse in respiratory mucus; those results suggest that particles 

might be less adhesive to respiratory mucus than they are to cervical mucus, possibly due to 

interactions with endogenous surfactants present in the airway mucus [20].  

To measure transport of our peptide conjugated nanoparticles in individual 

representative patients, we selected two patients that presented similar porosities (Fig. 7E). 

However, patient 21 showed much higher solids, DNA, disulfide bonds, and mucin content 

compared to patient 15, which might partially explain such differences in the MSD results. The 

probability of potential adhesive interactions between the tested 100 nm nanoparticles with 

components in sputum via electrostatic and hydrophobic interactions might be augmented in 

patient 21 due to higher concentrations of its components. Moreover, recent studies have found 

that decreased diffusivity of 100 nm PEGylated nanoparticles in CF sputum correlated with 

decreased measured forced expiratory volume after 1 second (FEV1), the primary measurement 

for pulmonary function and lung disease severity in CF [79]. These data suggest that sputum 

may function as a greater barrier to drug delivery systems in some patients compared to others. 

Nevertheless, we conclude that the results obtained with multiple particle tracking correlate well 

with the results from bulk diffusion in those individual patients tested. With patient 15, clone 2 

peptide showed best transport compared to carboxylated, PEGylated, and other peptides 

conjugated to nanoparticles, whereas in patient 21, all tested nanoparticles exhibited transport 

hindered by the CF sputum. 
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 After mucus penetration, it is highly desirable that transmucosal drug delivery systems 

can achieve cell penetration in order to deliver their therapeutic payload intracellularly. Cell-

penetrating peptides have recently demonstrated the potential to enhance the mucosal delivery 

of drugs and particles [84, 85]; however these positively charged peptides form strong 

interactions with the negatively charged mucin glycoproteins, thereby hindering transport and 

actually, preventing their ability to achieve cell-penetration [86]. Furthermore, while promising, 

net-neutral charge polymers and polymer conjugates demonstrate improved mucus transport, 

they may face hindered cellular internalization and escape [16, 33-37, 87-89], thereby 

dampening the enthusiasm for their therapeutic use. Hence, we confirmed the ability of our 

peptides to achieve both mucus penetration and cellular internalization by measuring transport 

of the identified mucus-penetrating peptides conjugated to 100 nm nanoparticles in a co-culture 

assay of CF sputum and lung epithelial cells possessing the prevalent cystic fibrosis 

homozygous delta F508 mutation. In CF, the three basepair deletion of codon 508 (known as 

F508del) results in a loss of a phenylalanine residues on chromosome 7 and is the most 

common mutation amongst several identified CFTR mutations [90], with approximately 70% 

prevalence worldwide [91]. From our transport studies, we found that select mucus-penetrating 

peptides not only improved the bulk diffusion of phage in CF sputum from patients ~600-fold 

more than a positively charged control phage clone but also achieved up to 3-fold significantly 

higher cell uptake of conjugated nanoparticles compared to non-modified carboxylated- and 

mPEG-conjugated nanoparticles. We also found that the PEG coating significantly decreased 

cell uptake of nanoparticles by up to 2-fold compared to mucus-penetrating peptides- and non-

coated carboxylated nanoparticles. Collectively, these results indicate that the identified 

hydrophilic, net-neutral charge peptides that have sequence similarity to mucins successfully 

traverse the complex CF sputum barrier and improve intracellular uptake of conjugated 

nanoparticles to lung epithelial cells.  
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Conclusions 

Our findings demonstrate that using phage display libraries with high throughput 

sequencing may be an effective strategy to identify mucus-penetrating peptides with improved 

transport across CF sputum from patients and promote cell internalization of drug delivery 

systems. These peptides may effectively serve as conjugates or surface modifications to 

potentially increase the amount of drug and drug carriers delivered to the CFTR-mutated 

epithelia to improve clinical outcomes. Moreover, the combination regimen using different 

peptide-conjugated drug carriers could be used as an alternative to reduce potential 

immunogenic responses over long-term, repeated administration of therapeutics [28, 92]. 

Screening of peptide-presenting phage libraries against samples from individual patients could 

be used to identify patient-specific mucus- and cell-penetrating peptides to explore personalized 

medicine applications. While this work focuses on mucus environment in CF, the use of mucus-

penetrating peptides can be extended to develop the next generation of therapeutics to advance 

gene and drug delivery through various mucosal barriers, including the lung airways, eyes, 

gastrointestinal tract, and cervicovaginal tract. 

 

Materials and Methods 

Library construction. A combinatorial library of heptapeptides flanked by a pair of cysteine 

residues displayed on T7Select415-1 phage (Novagen, WI) was constructed according to the 

manufacturer’s protocol. Briefly, degenerate NNK-oligonucleotides (Supplementary Table 1) 

encoding a library of heptapeptides with the general structure CX7C, were synthesized and 

obtained from Integrated DNA Technologies (IDT, IL). To create the library insert, 

oligonucleotides (LIBF and LIBR, Supplementary Table 1) were annealed, extended with DNA 

polymerase I Klenow fragment (NEB, MA), double digested with HindIII-HF/EcoRI-HF (NEB, 

MA), and cloned into the T7Select 415-1 HindIII/EcoRI vector arms to enable peptide display on 

415 copies of the T7 gp10A phage capsid protein as a C-terminal fusion. 
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Phage selection in CF mucus. The generated T7 phage CX7C library was iteratively screened 

against a cystic fibrosis mucus model (CF mucus model) in a 3.0 µm polyester membrane 24-

well transwell system (Corning, MA) to identify mucus-penetrating peptides. The CF mucus 

model was prepared according to literature reports of composition to model sputum of CF 

patients. The model is an aqueous mixture of 40 mg/mL mucin from porcine stomach type III 

(Sigma Aldrich, MO) [93], 1.4 mg/mL herring sperm DNA (Promega, WI) [94], 5 mg/mL egg yolk 

from chicken (Sigma Aldrich, MO) [95], 0.9 mg/mL lactoferrin human [95], 5 mg/mL sodium 

chloride, and 2.2 mg/mL potassium chloride to give the concentration of ions found in CF 

sputum [95]. The solution was adjusted with 0.5 M hydrogen chloride to pH 6.5, which is the 

estimated pH of CF airway mucus [96]. The reagents were transferred to a sterile tube, mixed 

for 2 h in a tube rotator at 5 rpm (Thermo Fisher Scientific, MA), and used within 4 h. 

To set up the transwell system, the basolateral compartment (receiver) in the transwell 

was filled with 600 µL of phosphate buffered saline (PBS), and the apical compartment (donor) 

was filled with 100 µL of CF mucus. For the first round of selection, an initial phage amount of 

4.2 x 109 phage plaque forming units (pfu) was added on top of the mucus layer in the donor 

compartment and incubated for 1 h at room temperature (25oC). At 5, 10, 15, 30, and 45 

minutes, 10 µL aliquots of the eluates were taken for further quantification. After 1 h, the entire 

eluate was collected from the basolateral side and titered using standard double-layer plaque 

assay to quantify phage concentration. The eluted phage library was amplified in BL21 E. coli 

(Novagen, WI) to make more copies, which was quantified by plaque assay prior to the next 

round of selection. Two additional rounds of selection were performed with initial amounts of 5.2 

x 106 pfu and 4.2 x 109 pfu, respectively. 

 

Next-generation sequencing of phage libraries selected against CF mucus 
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Library preparation for next-generation sequencing. After the third round of selection 

against the CF mucus model, the eluates from 15, 30 and 60 minutes from the three rounds, 

and two replicates each were amplified in BL21 E. coli (Novagen, WI). In addition, the naïve 

library (i.e. starting library) was amplified over three rounds without selection for further use as 

controls to account for bias due to amplification growth. Next, the amplified phage eluates were 

prepared for next-generation sequencing following a library preparation workflow to the 

manufacturer’s protocol (Illumina, CA); the naïve library was also similarly prepared in order to 

determine the diversity of the CX7C library (i.e. how many unique clones). Samples were heat 

denatured at 100oC for 15 minutes in a heated dry bath (Thermo Fisher Scientific, MA), and 

their DNA was amplified by PCR using 2x KAPA HiFi HotStart ReadyMix (KAPA Biosystems, 

MA) with 2.5 µL of phage DNA template and 10 µL of 1µM primers (NGS1F and NGS1R, see 

Supplementary Table 1). The PCR conditions were carried out as recommended by the 

manufacturer. The obtained PCR amplicons were purified with AMPure XP beads (Beckman 

Coulter, IN), and size was confirmed by gel electrophoresis in a 2% agarose gel. Next, 

sequencing adaptors and unique dual barcodes combinations were attached to each library 

PCR amplicons using the Nextera XT Index Kit primers (index 1 N7XX and index 2 S5XX, 

Illumina, CA), and the amplicon size and concentration were confirmed using a Bioanalyzer 

(Agilent) and Nanodrop (Thermo Fisher Scientific, MA), respectively. Samples were diluted to 

the final concentration of 40 nM in 10 mM Tris buffer, pH 8.5. One microliter aliquots of each 

sample diluted DNA with unique indices (i.e. barcodes) were pooled together and submitted for 

sequencing to The University of Texas at Austin GSAF sequencing facility on a MiSeq system to 

run single reads of 300 nucleotides.  

Translating sequencing reads to peptides and frequency counts. Sequences were 

automatically demultiplexed by MiSeq Reporter software and the obtained FASTQ files were 

analyzed by FastQC version 0.11.5 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

for quality control checks on raw sequence data. Next, sequences were converted from fastq to 
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fasta format using FASTX-Toolkit fastq_to_fasta tool version 0.0.13.2 

(http://hannonlab.cshl.edu/fastx_toolkit/index.html), and the resulting fasta files were processed 

using a custom Bash script to find the variable library region by aligning to sequences flanking 

both sides of the displayed CX7C peptide (available under request). For each sample, sub-

sequences corresponding to the phage display variable region (including the C-C constrained 

library insert) were transcribed and translated into amino acids using a custom Python script, 

version 2.7.12 (available under request). Then, sequence reads encoding unique peptide 

sequences had their frequency count calculated and sorted according to their abundance in 

each sample. An asterisk (*) indicates the presence of a stop codon. Sequences were 

disregarded in subsequent analysis if they contained a stop codon in the first three amino acid 

positions in the variable region. An overview of the number of reads that passed each 

processing step can be found in Supplementary Table 2. For each sample, the top 20 most 

abundant peptide sequences were compiled, and their physicochemical properties were 

determined in silico using Protein Calculator v3.4 (The Scripps Research Institute, La Jolla, CA), 

and the grand average of hydropathy (GRAVY), a score indicative of the hydrophobicity of a 

sequence, was calculated according to Kyte-Doolittle [55]. Sequence database analysis was 

performed using Basic Local Alignment Search Tool (BLASTp, U.S. National Library of 

Medicine, Bethesda, MD). In addition, the selected peptide sequences were compared to 

databases encompassing previously isolated peptides known as “target-unrelated peptides” 

(TUP) motifs [97, 98]; peptide sequences that appeared in the search were excluded from 

subsequent analysis. These databases have identified a large set of sequences with undesired 

proliferation advantages and false positive target-unrelated peptides.  

Cloning of selected sequences into T7 phage vector. Oligonucleotides encoding the 

peptides of interest were designed and obtained from IDT (Supplementary Table 1). Primers 

(LIBF and respective CLNX, Supplementary Table 1) were annealed, extended with DNA 

polymerase I Klenow fragment (NEB, MA), double digested with HindIII-HF/EcoRI-HF (NEB, 
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MA), and cloned into the T7Select 415-1 HindIII/EcoRI vector arms according to the 

manufacturer’s protocol (Novagen, WI). Individual phage plaques (i.e. areas of cell lysis on 

overlaid agar plates indicative of phage with individual cloned sequences) were selected from 

titer plates and grown in liquid culture of BL21 E. coli (Novagen, WI) to amplify the amount of 

phage. To confirm cloning, DNA of the individual clones were PCR amplified for 20 cycles 

following the manufacturer’s temperature settings with T7 primers (T7F and T7R, 

Supplementary Table 1), and sequences encoding for selected peptides were confirmed by 

Sanger DNA sequencing. 

 

CF sputum sample collection. Spontaneously expectorated sputum samples were collected 

from patients at the CF clinic at Dell Children’s Medical Center of Central Texas Cystic Fibrosis 

Center, Dell Children’s Pulmonology Clinic, Seton Healthcare Family (n = 21) following protocols 

approved by the Institutional Review Board of the University of Texas at Austin under study 

number 2016-03-0104. Informed consent was obtained from all study participants. Samples were 

stored at -80oC immediately after collection and thawed on ice for subsequent experiments. Age, 

gender, and any inhaled medications taken by the patients were recorded. Sputum samples with 

visible amounts of saliva were excluded from experiments. 

 

Biochemical characterization of CF sputum. The sputum of CF patients was characterized 

for solids content, mucin concentration, DNA concentration, and cystine content. Aliquots of 

individual sputum samples were pretreated with 20 U/mL of DNase I (NEB, MA) for subsequent 

fluorometric assays of mucin and DNA concentrations. Mucin concentration was determined by 

the reaction of 2-cyanoacetamide (Sigma Aldrich, MO) with O-linked glycoproteins of the mucin, 

as previously described [20, 79]. Briefly, sputum aliquots were diluted 20-fold and homogenized 

by vortexing for at least 30 minutes. Next, 50 µL of diluted sputum were mixed with 60 µL of an 

alkaline solution of 2-cyanoacetamide (previously prepared with 200 µL of 0.6 M 2-
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cyanoacetamide and 1 mL of 0.15 M NaOH) and incubated at 100°C for 30 minutes. To stop the 

reaction, 0.5 mL of 0.6 M borate buffer, pH 8.0, was added to the mixture. A standard curve was 

generated using known concentrations of mucin from bovine submaxillary gland (Sigma Aldrich, 

MO). Fluorescence intensity was measured at excitation and emission wavelengths of 340 and 

420 nm (Infinite M200, Tecan, Switzerland), respectively. 

 DNA concentration of patient sputum was determined by the reaction of 3,5-

diaminobenzoic acid dihydrochloride (DABA; Sigma Aldrich, MO) with DNA aldehydes, as 

previously described [20, 79]. Briefly, sputum aliquots were diluted 5-fold and homogenized by 

vortexing for at least 30 minutes. Next, 30 µL of diluted sputum were mixed with 30 µL of a 20% 

(w/v) DABA solution and incubated at 60°C for 1 hour. To stop the reaction, 1 mL of 1.75 M HCl 

was added to the mixture. A standard curve was generated using known concentrations of DNA 

from herring sperm (Promega, WI). Fluorescence intensity was measured at excitation and 

emission wavelengths of 400 and 520 nm (Infinite M200, Tecan, Switzerland), respectively. 

 The concentration of mucin disulfide bonds (i.e., cystine) was determined as previously 

described [79, 99]. Briefly, 50 µL sputum aliquots were centrifuged at 21,000 x g for 1.5 hours, 

and the supernatant was removed. Next, sputum aliquots were diluted 10-fold the original 

volume in 8 M guanidine-HCl (Sigma Aldrich, MO). Samples were pretreated with 10% (v/v) 500 

mM iodoacetamide (Sigma Aldrich, MO) solution and incubated at room temperature for 1 hour. 

Then, samples were incubated with 10% (v/v) of 1 M DTT (Sigma Aldrich, MO) at 37°C for 2 

hours to quench the excessive iodoacetamide and reduce all the preexisting disulfide bonds. 

Samples were buffer-exchanged with 50 mM Tris-HCl, pH 8.0 (Thermo Fisher Scientific, MA) in 

7K MWCO Zeba desalting columns (Thermo Fisher Scientific, MA) to remove excess reagents. 

A standard curve was generated using known concentrations of L-cysteine (Sigma Aldrich, MO) 

in 50 mM Tris-HCl, pH 8.0. One hundred microliters of samples were added to a black 96-well 

plate with equal volume of 2 mM monobromobimane (Sigma Aldrich, MO) in 50 mM Tris-HCl. 
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After 15 min incubation at room temperature, fluorescence intensity was measured at excitation 

and emission wavelengths of 395 and 490 nm (Infinite M200, Tecan, Switzerland), respectively. 

 The solids content of sputum was determined by freeze-drying. Briefly, sputum samples 

were frozen in liquid nitrogen and placed in a lyophilizer (Labconco, MO) for 24 hours. Samples 

were weighed before and after lyophilization, and their solids mass ratio was determined as the 

percent solids content. The data presented is the average of three independent experiments. 

 

Fluorescent dextran staining of CF sputum and porosity measurements. The void area in 

CF sputum (i.e., porosity) was determined as previously described, with slight modifications [79]. 

Briefly, 20 µL sputum aliquots were added to custom microscopy chambers prepared using 13-

mm diameter adhesive seal spacers (Grace Bio-Labs, OR). Next, 0.3 μl of a 10 mg/mL stock 

solution of 3kDa Texas red-labeled dextran (Invitrogen, CA) were added to the chamber and 

mechanically mixed with a pipette tip to distribute it throughout the sample. The chamber was 

sealed with a coverslip and equilibrated at room temperature for 1 h before imaging. CF sputum 

samples were imaged using a Zeiss LSM 710 confocal microscope at 63x magnification with 

image resolution of 105 nm/pixel. The area of the dextran-filled void space (VD) was measured 

using ImageJ and used to determine the porosity, which was calculated as ϕ = VD/VT, where VT 

is total area of the image (140 μm × 140 μm). 

 

Bulk diffusion of T7 phage clones. Diffusion studies of phage-presenting peptide clones were 

performed in a 3.0 µm polyester membrane 24-well transwell across CF mucus or CF sputum 

from patients at room temperature (25oC). Briefly, 100 µL of CF mucus or CF sputum was 

transferred to the donor compartment in the transwell system containing 0.6 mL PBS in the 

receiver compartment. An initial phage concentration of 2*109 genomic copies (gc) was added 

to the donor compartment on top of the CF mucus or CF sputum layer. At 15, 30, 45, 60, and 

120 minutes, the entire eluate was collected from the receiver compartment and replenished 
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with fresh PBS. Collected eluates were quantified by quantitative PCR (qPCR) as previously 

described [100] to determine phage concentration (in genomic copies (gc)) using the forward 

and reverse qPCR primers (Supplementary Table 1). Standard curves were generated with 

serial dilutions of T7Select 415-1b packaging control DNA for each run. The data presented is 

the average of three independent experiments. 

 

Functionalization of nanoparticles with mucus-penetrating peptides. Red or yellow-green 

fluorescent 100-nm diameter carboxylate-modified polystyrene (PS) nanoparticles (Thermo 

Fisher Scientific, MA) were conjugated to methoxy-PEG-amine 1KDa (Alfa Aesar, MA) or 

custom synthesized peptides (LifeTein, NJ) via covalent attachment to COOH groups on the 

particles via standard EDC chemistry using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (Thermo Fisher Scientific, MA) and N-hydroxysulfosuccinimide sodium salt 

(Thermo Fisher Scientific, MA) in MES buffer (pH 6.0), according to the manufacturer protocol. 

The molar ratio for conjugation between COOH groups and mPEG-amine 1KDa or peptides was 

1:5. After conjugation, nanoparticles were dialyzed for 24 hours against 1X PBS using 100 kDa 

MWCO Float-A-Lyzer G2 dialysis membranes (Spectrum Labs, MA). Freshly prepared 

nanoparticle dispersions were characterized by dynamic light scattering (DLS) (Zetasizer Nano, 

Malvern Instruments, MA). Size and zeta potential measurements were performed in water or 

PBS at 25°C and BEGM cell culture media at 37°C, at a scattering angle of 173°. 

 

Multiple particle tracking (MPT) in CF sputum from patients. Fluorescent video-rate 

microscopy experiments were performed to track the motion of nanoparticles in CF sputum. 

Thirty-microliter sputum aliquots were withdrawn using a Wiretrol (Drummond Scientific 

Company) and added to custom microscopy chambers. Next, 1.0 μl of nanoparticles were 

added to the slide chamber and were mechanically mixed with a pipette tip to distribute the 

particles within the sample. The chamber was sealed with a coverslip and equilibrated at room 
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temperature for 1 h before imaging. Movies were recorded at room temperature at a temporal 

resolution of 67 ms for 20 s using an Olympus IX-83 inverted fluorescence microscope with a 

100x/1.3 NA oil-immersion objective having an image resolution of 64 nm/pixel and a 

Hamamatsu Orca Flash 4.0 Plus SCMOS digital camera. For each sputum sample, five videos 

were collected. Data presented are the average of three independent experiments. 

To quantify displacement of particles from real-time imaging, MPT analysis was 

performed using a custom-written script in MATLAB (Mathworks) based on a previously 

developed algorithm and detailed software package [101, 102]. Briefly, fluorescent 

nanoparticles had their centroids and x and y positions determined in sequential images with an 

intensity threshold. Background noise particles above this threshold were discarded based on 

particles eccentricity. The time-averaged mean squared displacement <MSD(t)> was calculated 

as previously described [23, 79, 103, 104], based on particle displacement as <Δr2(t)> = <[x(t + 

t) - x(t)]2 + [y(t + t) - y(t)]2>, where t is time scale between frames. 

 

Cell culture. CuFi-1 cells (ATCC CRL-4013) were maintained as monolayer cultures in flasks 

pre-coated with 60 μg/mL solution of human placental collagen type IV (Sigma Aldrich, MO) and 

grown in bronchial epithelial growth medium (BEGM) supplemented with SingleQuot additives 

from Lonza (BEGM Bullet Kit, reference CC-3170) and 50 μg/mL G-418 at 37oC and 5% CO2. 

 

Transwell co-culture cell uptake assay. A co-culture diffusion experiment with CF sputum 

from patients and CuFi-1 cells was performed in 3.0 µm polyester membrane 24-well transwells 

at 37oC and 5% CO2. Prior to co-culture, cells were seeded in the receiver compartment of a 

transwell at a cell density of 15,000 cells/cm2 and grown for 24 hours. Next, 100 µL of CF 

sputum was transferred to the donor compartment in the transwell system, with 0.6 mL BEGM 

cell culture media and the CuFI-1 cell monolayer in the receiver compartment. Nanoparticle 

suspensions were added to the donor compartment on top of the CF sputum layer at an initial 
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concentration of 1 mg/mL. After 2 hours, the transwells and cell culture media were removed, 

and cells were washed 3 times with ice-cold 1X PBS. To detach the cells, 150 µL of 0.25% 

trypsin-EDTA was added to each well and incubated at 37oC for 10 minutes. Next, 150 µL of 

ice-cold 1% FBS in Dulbecco's phosphate buffered saline was added and cells were transferred 

to centrifuge tubes. Cells were spun at 125 x g for 5 to 10 minutes and the supernatant was 

discarded. Cells were resuspended in 250 µL 1X PBS with 1.25 µL 1 mg/mL propidium iodide 

(PI). Cell uptake of nanoparticles was evaluated by flow cytometry (Accuri, Becton-Dickinson, 

CA). Data presented are the average of three independent experiments. 

 

Cell uptake of nanoparticles. Prior to cell uptake experiments, 24-well plates were seeded 

with CuFi-1 cells at a cell density of 15,000 cells/cm2 and grown for 24 hours at 37oC and 5% 

CO2. On the day of experiment, 25 µg/mL suspension of fluorescent nanoparticles was added to 

cells in 0.5 mL BEGM cell culture media. After 2 hours, the cell culture media was removed, and 

cells were washed 3 times with ice-cold 1X PBS. To detach the cells, 150 µL of 0.25% trypsin-

EDTA solution was added to each well and incubated at 37oC for 10 minutes. Next, 150 µL of 

ice-cold 1% FBS in Dulbecco's phosphate buffered saline was added, and cells were 

transferred to centrifuge tubes. Cells were spun at 125 x g for 5 to 10 minutes and the 

supernatant was discarded. Cells were resuspended in 250 µL 1X PBS with 1.25 µL PI. Cell 

uptake of nanoparticles was analyzed by flow cytometry. 

 

Statistical analysis 

Unless otherwise indicated, data are presented as mean ± standard deviation. All 

statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, La Jolla, 

CA), at a significance level of p ≤ 0.05, and are indicated in each figure legend. 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 34 

Author contributions 

JL, HDCS, and DG designed experiments. JL performed experiments. XL, RPM, and XP 

assisted in performing experiments. DA and DW collaborated with the development of 

bioinformatics pipelines and assisted with analysis of the deep sequencing data. SHS, JJF and 

BCM collected patient samples and managed clinical data. JL, HDCS, and DG analyzed the 

experiments. JL, HDCS, and DG wrote the manuscript. 

 

Acknowledgements 

Research reported in this publication was supported by NIH National Heart, Lung and Blood 

Institute (NHLBI) of the National Institutes of Health under award number R01HL138251, 

PhRMA Foundation Research Starter Grant, startup funds from the College of Pharmacy, 

University of Texas at Austin, the Williams and McGinity Graduate Fellowship from the College 

of Pharmacy, University of Texas at Austin, and the University Graduate Continuing Fellowship, 

The Graduate School, University of Texas at Austin. The content is solely the responsibility of 

the authors and does not necessarily represent the official views of the National Institutes of 

Health. 

 

Data availability 

Next-generation sequencing data will be made available via the Sequence Read Archive (SRA) 

under Bioproject number PRJNA527341, submission ID SUB5326131. 

 

 

 

 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 35 

References 

[1] R.A. Cone, Barrier properties of mucus, Adv Drug Deliv Rev 61(2) (2009) 75-85. 
[2] J. Leal, H.D.C. Smyth, D. Ghosh, Physicochemical properties of mucus and their impact on 
transmucosal drug delivery, International Journal of Pharmaceutics  (2017). 
[3] X. Murgia, B. Loretz, O. Hartwig, M. Hittinger, C.-M. Lehr, The role of mucus on drug 
transport and its potential to affect therapeutic outcomes, Advanced drug delivery reviews 124 
(2018) 82-97. 
[4] R. Bansil, B.S. Turner, The biology of mucus: Composition, synthesis and organization, 
Advanced drug delivery reviews 124 (2018) 3-15. 
[5] K. Khanvilkar, M.D. Donovan, D.R. Flanagan, Drug transfer through mucus, Advanced Drug 
Delivery Reviews 48(2–3) (2001) 173-193. 
[6] P.G. Bhat, D.R. Flanagan, M.D. Donovan, The limiting role of mucus in drug absorption: 
Drug permeation through mucus solution, International journal of pharmaceutics 126(1-2) (1995) 
179-187. 
[7] L.M. Ensign, R. Cone, J. Hanes, Oral drug delivery with polymeric nanoparticles: the 
gastrointestinal mucus barriers, Adv Drug Deliv Rev 64(6) (2012) 557-70. 
[8] O. Lieleg, K. Ribbeck, Biological hydrogels as selective diffusion barriers, Trends Cell Biol 
21(9) (2011) 543-51. 
[9] P.G. Bhat, D.R. Flanagan, M.D. Donovan, Drug diffusion through cystic fibrotic mucus: 
Steady-state permeation, rheologic properties, and glycoprotein morphology, Journal of 
pharmaceutical sciences 85(6) (1996) 624-630. 
[10] B.C. Tang, M. Dawson, S.K. Lai, Y.-Y. Wang, J.S. Suk, M. Yang, P. Zeitlin, M.P. Boyle, J. 
Fu, J. Hanes, Biodegradable polymer nanoparticles that rapidly penetrate the human mucus 
barrier, Proceedings of the National Academy of Sciences 106(46) (2009) 19268-19273. 
[11] I.P. de Sousa, B. Cattoz, M.D. Wilcox, P.C. Griffiths, R. Dalgliesh, S. Rogers, A. Bernkop-
Schnürch, Nanoparticles decorated with proteolytic enzymes, a promising strategy to overcome 
the mucus barrier, European Journal of Pharmaceutics and Biopharmaceutics 97 (2015) 257-
264. 
[12] B.K. Rubin, Secretion properties, clearance, and therapy in airway disease, Translational 
respiratory medicine 2(1) (2014) 6. 
[13] C.-M. Lehr, J.A. Bouwstra, E.H. Schacht, H.E. Junginger, In vitro evaluation of 
mucoadhesive properties of chitosan and some other natural polymers, International journal of 
Pharmaceutics 78(1-3) (1992) 43-48. 
[14] J. Iqbal, G. Shahnaz, S. Dünnhaupt, C. Müller, F. Hintzen, A. Bernkop-Schnürch, 
Preactivated thiomers as mucoadhesive polymers for drug delivery, Biomaterials 33(5) (2012) 
1528-1535. 
[15] S. Dünnhaupt, J. Barthelmes, S. Köllner, D. Sakloetsakun, G. Shahnaz, A. Düregger, A. 
Bernkop-Schnürch, Thiolated nanocarriers for oral delivery of hydrophilic macromolecular drugs, 
Carbohydrate polymers 117 (2015) 577-584. 
[16] J.S. Suk, Q. Xu, N. Kim, J. Hanes, L.M. Ensign, PEGylation as a strategy for improving 
nanoparticle-based drug and gene delivery, Advanced drug delivery reviews 99 (2016) 28-51. 
[17] J.S. Suk, S.K. Lai, Y.Y. Wang, L.M. Ensign, P.L. Zeitlin, M.P. Boyle, J. Hanes, The 
penetration of fresh undiluted sputum expectorated by cystic fibrosis patients by non-adhesive 
polymer nanoparticles, Biomaterials 30(13) (2009) 2591-7. 
[18] H. Friedl, S. Dünnhaupt, F. Hintzen, C. Waldner, S. Parikh, J.P. Pearson, M.D. Wilcox, A. 
Bernkop-Schnürch, Development and evaluation of a novel mucus diffusion test system 
approved by self-nanoemulsifying drug delivery systems, Journal of pharmaceutical sciences 
102(12) (2013) 4406-4413. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 36 

[19] R.J. Fields, C.J. Cheng, E. Quijano, C. Weller, N. Kristofik, N. Duong, C. Hoimes, M.E. 
Egan, W.M. Saltzman, Surface modified poly (β amino ester)-containing nanoparticles for 
plasmid DNA delivery, Journal of controlled release 164(1) (2012) 41-48. 
[20] B.S. Schuster, J.S. Suk, G.F. Woodworth, J. Hanes, Nanoparticle diffusion in respiratory 
mucus from humans without lung disease, Biomaterials 34(13) (2013) 3439-46. 
[21] K. Maisel, L. Ensign, M. Reddy, R. Cone, J. Hanes, Effect of surface chemistry on 
nanoparticle interaction with gastrointestinal mucus and distribution in the gastrointestinal tract 
following oral and rectal administration in the mouse, Journal of Controlled Release 197 (2015) 
48-57. 
[22] M. Abdulkarim, N. Agulló, B. Cattoz, P. Griffiths, A. Bernkop-Schnürch, S.G. Borros, M. 
Gumbleton, Nanoparticle diffusion within intestinal mucus: Three-dimensional response analysis 
dissecting the impact of particle surface charge, size and heterogeneity across polyelectrolyte, 
pegylated and viral particles, European Journal of Pharmaceutics and Biopharmaceutics 97 
(2015) 230-238. 
[23] S.K. Lai, D.E. O'Hanlon, S. Harrold, S.T. Man, Y.Y. Wang, R. Cone, J. Hanes, Rapid 
transport of large polymeric nanoparticles in fresh undiluted human mucus, Proc Natl Acad Sci 
U S A 104(5) (2007) 1482-7. 
[24] Y.Y. Wang, S.K. Lai, J.S. Suk, A. Pace, R. Cone, J. Hanes, Addressing the PEG 
mucoadhesivity paradox to engineer nanoparticles that “slip” through the human mucus barrier, 
Angewandte Chemie International Edition 47(50) (2008) 9726-9729. 
[25] Y. Cu, W.M. Saltzman, Controlled surface modification with poly(ethylene)glycol enhances 
diffusion of PLGA nanoparticles in human cervical mucus, Mol Pharm 6(1) (2009) 173-81. 
[26] J.K. Armstrong, G. Hempel, S. Koling, L.S. Chan, T. Fisher, H.J. Meiselman, G. Garratty, 
Antibody against poly(ethylene glycol) adversely affects PEG-asparaginase therapy in acute 
lymphoblastic leukemia patients, Cancer 110(1) (2007) 103-111. 
[27] H. Tillmann, N. Ganson, K. Patel, A. Thompson, M. Abdelmalek, T. Moody, J. McHutchison, 
M. Hershfield, 307 High prevalence of pre-existing antibodies against polyethylene glycol (PEG) 
in hepatitis C (HCV) patients which is not associated with impaired response to PEG-interferon, 
Journal of Hepatology 52 (2010) S129. 
[28] J.J. Verhoef, J.F. Carpenter, T.J. Anchordoquy, H. Schellekens, Potential induction of anti-
PEG antibodies and complement activation toward PEGylated therapeutics, Drug Discov Today 
19(12) (2014) 1945-52. 
[29] N.J. Ganson, T.J. Povsic, B.A. Sullenger, J.H. Alexander, S.L. Zelenkofske, J.M. Sailstad, 
C.P. Rusconi, M.S. Hershfield, Pre-existing anti-polyethylene glycol antibody linked to first-
exposure allergic reactions to pegnivacogin, a PEGylated RNA aptamer, J Allergy Clin Immunol 
137(5) (2016) 1610-1613 e7. 
[30] T.J. Povsic, M.G. Lawrence, A.M. Lincoff, R. Mehran, C.P. Rusconi, S.L. Zelenkofske, Z. 
Huang, J. Sailstad, P.W. Armstrong, P.G. Steg, C. Bode, R.C. Becker, J.H. Alexander, N.F. 
Adkinson, A.I. Levinson, R.-P. Investigators, Pre-existing anti-PEG antibodies are associated 
with severe immediate allergic reactions to pegnivacogin, a PEGylated aptamer, J Allergy Clin 
Immunol 138(6) (2016) 1712-1715. 
[31] A. Chanan-Khan, J. Szebeni, S. Savay, L. Liebes, N.M. Rafique, C.R. Alving, F.M. Muggia, 
Complement activation following first exposure to pegylated liposomal doxorubicin (Doxil): 
possible role in hypersensitivity reactions, Ann Oncol 14(9) (2003) 1430-7. 
[32] P.P. Wibroe, D. Ahmadvand, M.A. Oghabian, A. Yaghmur, S.M. Moghimi, An integrated 
assessment of morphology, size, and complement activation of the PEGylated liposomal 
doxorubicin products Doxil®, Caelyx®, DOXOrubicin, and SinaDoxosome, J Control Release 
221 (2016) 1-8. 
[33] S. Mishra, P. Webster, M.E. Davis, PEGylation significantly affects cellular uptake and 
intracellular trafficking of non-viral gene delivery particles, European journal of cell biology 83(3) 
(2004) 97-111. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 37 

[34] Y. Fang, J. Xue, S. Gao, A. Lu, D. Yang, H. Jiang, Y. He, K. Shi, Cleavable PEGylation: a 
strategy for overcoming the “PEG dilemma” in efficient drug delivery, Drug Delivery 24(2) (2017) 
22-32. 
[35] E. Oh, J.B. Delehanty, K.E. Sapsford, K. Susumu, R. Goswami, J.B. Blanco-Canosa, P.E. 
Dawson, J. Granek, M. Shoff, Q. Zhang, Cellular uptake and fate of PEGylated gold 
nanoparticles is dependent on both cell-penetration peptides and particle size, ACS nano 5(8) 
(2011) 6434-6448. 
[36] K. Knop, R. Hoogenboom, D. Fischer, U.S. Schubert, Poly (ethylene glycol) in drug 
delivery: pros and cons as well as potential alternatives, Angewandte chemie international 
edition 49(36) (2010) 6288-6308. 
[37] B. Pelaz, P. del Pino, P. Maffre, R. Hartmann, M. Gallego, S. Rivera-Fernandez, J.M. de la 
Fuente, G.U. Nienhaus, W.J. Parak, Surface functionalization of nanoparticles with polyethylene 
glycol: effects on protein adsorption and cellular uptake, ACS nano 9(7) (2015) 6996-7008. 
[38] J.L. Betker, J. Gomez, T.J. Anchordoquy, The effects of lipoplex formulation variables on 
the protein corona and comparisons with in vitro transfection efficiency, J Control Release 
171(3) (2013) 261-268. 
[39] J.J.F. Verhoef, T.J. Anchordoquy, Questioning the Use of PEGylation for Drug Delivery, 
Drug Deliv Transl Res 3(6) (2013) 499-503. 
[40] R.J. Fields, E. Quijano, N.A. McNeer, C. Caputo, R. Bahal, K. Anandalingam, M.E. Egan, 
P.M. Glazer, W.M. Saltzman, Modified poly(lactic-co-glycolic acid) nanoparticles for enhanced 
cellular uptake and gene editing in the lung, Adv Healthc Mater 4(3) (2015) 361-6. 
[41] G. Osman, J. Rodriguez, S.Y. Chan, J. Chisholm, G. Duncan, N. Kim, A.L. Tatler, K.M. 
Shakesheff, J. Hanes, J.S. Suk, PEGylated enhanced cell penetrating peptide nanoparticles for 
lung gene therapy, Journal of controlled release 285 (2018) 35-45. 
[42] S.S. Olmsted, J.L. Padgett, A.I. Yudin, K.J. Whaley, T.R. Moench, R.A. Cone, Diffusion of 
macromolecules and virus-like particles in human cervical mucus, Biophys J 81(4) (2001) 1930-
7. 
[43] R.A. Cone, Mucus, in: M.E. Lamm, J.R. McGhee, J. Bienenstock, L. Mayer, W. Strober 
(Eds.), Mucosal Immunology (Third Edition), Academic Press, Burlington, 2005, pp. 49-72. 
[44] L.D. Li, T. Crouzier, A. Sarkar, L. Dunphy, J. Han, K. Ribbeck, Spatial configuration and 
composition of charge modulates transport into a mucin hydrogel barrier, Biophys J 105(6) 
(2013) 1357-65. 
[45] G.P. Smith, Filamentous fusion phage: novel expression vectors that display cloned 
antigens on the virion surface, Science 228(4705) (1985) 1315-7. 
[46] J. Pande, M.M. Szewczyk, A.K. Grover, Phage display: concept, innovations, applications 
and future, Biotechnology advances 28(6) (2010) 849-858. 
[47] M.S. Dennis, Selection and Screening Strategies, in: S.S. Sidhu, C.R. Geyer (Eds.), Phage 
display in biotechnology and drug discovery, CRC Press, Boca Raton, 2015. 
[48] J.L. Bobadilla, M. Macek, Jr., J.P. Fine, P.M. Farrell, Cystic fibrosis: a worldwide analysis of 
CFTR mutations--correlation with incidence data and application to screening, Hum Mutat 19(6) 
(2002) 575-606. 
[49] K.L. Tuggle, S.E. Birket, X. Cui, J. Hong, J. Warren, L. Reid, A. Chambers, D. Ji, K. 
Gamber, K.K. Chu, G. Tearney, L.P. Tang, J.A. Fortenberry, M. Du, J.M. Cadillac, D.M. 
Bedwell, S.M. Rowe, E.J. Sorscher, M.V. Fanucchi, Characterization of Defects in Ion Transport 
and Tissue Development in Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)-
Knockout Rats, PLOS ONE 9(3) (2014) e91253. 
[50] R.C. Boucher, Evidence for airway surface dehydration as the initiating event in CF airway 
disease, J Intern Med 261(1) (2007) 5-16. 
[51] R.C. Boucher, Cystic fibrosis: a disease of vulnerability to airway surface dehydration, 
Trends Mol Med 13(6) (2007) 231-40. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 38 

[52] M. Dawson, D. Wirtz, J. Hanes, Enhanced viscoelasticity of human cystic fibrotic sputum 
correlates with increasing microheterogeneity in particle transport, J Biol Chem 278(50) (2003) 
50393-401. 
[53] G.W. Liu, B.R. Livesay, N.A. Kacherovsky, M. Cieslewicz, E. Lutz, A. Waalkes, M.C. 
Jensen, S.J. Salipante, S.H. Pun, Efficient Identification of Murine M2 Macrophage Peptide 
Targeting Ligands by Phage Display and Next-Generation Sequencing, Bioconjug Chem 26(8) 
(2015) 1811-7. 
[54] W.L. Matochko, R. Derda, Next-generation sequencing of phage-displayed peptide 
libraries, Methods Mol Biol 1248 (2015) 249-66. 
[55] J. Kyte, R.F. Doolittle, A simple method for displaying the hydropathic character of a 
protein, Journal of Molecular Biology 157(1) (1982) 105-132. 
[56] W.L. Matochko, S. Cory Li, S.K. Tang, R. Derda, Prospective identification of parasitic 
sequences in phage display screens, Nucleic Acids Res 42(3) (2014) 1784-98. 
[57] S.K. Lai, Y.Y. Wang, J. Hanes, Mucus-penetrating nanoparticles for drug and gene delivery 
to mucosal tissues, Adv Drug Deliv Rev 61(2) (2009) 158-71. 
[58] S. Dünnhaupt, O. Kammona, C. Waldner, C. Kiparissides, A. Bernkop-Schnürch, Nano-
carrier systems: strategies to overcome the mucus gel barrier, European Journal of 
Pharmaceutics and Biopharmaceutics 96 (2015) 447-453. 
[59] K. Netsomboon, A. Bernkop-Schnürch, Mucoadhesive vs. mucopenetrating particulate drug 
delivery, European Journal of Pharmaceutics and Biopharmaceutics 98 (2016) 76-89. 
[60] N.N. Sanders, S.C. De Smedt, E. Van Rompaey, P. Simoens, F. De Baets, J. Demeester, 
Cystic fibrosis sputum: a barrier to the transport of nanospheres, Am J Respir Crit Care Med 
162(5) (2000) 1905-11. 
[61] B.D. Chithrani, A.A. Ghazani, W.C. Chan, Determining the size and shape dependence of 
gold nanoparticle uptake into mammalian cells, Nano letters 6(4) (2006) 662-668. 
[62] C. He, Y. Hu, L. Yin, C. Tang, C. Yin, Effects of particle size and surface charge on cellular 
uptake and biodistribution of polymeric nanoparticles, Biomaterials 31(13) (2010) 3657-3666. 
[63] M. Lundqvist, J. Stigler, G. Elia, I. Lynch, T. Cedervall, K.A. Dawson, Nanoparticle size and 
surface properties determine the protein corona with possible implications for biological impacts, 
Proceedings of the National Academy of Sciences  (2008). 
[64] D. Walczyk, F.B. Bombelli, M.P. Monopoli, I. Lynch, K.A. Dawson, What the cell “sees” in 
bionanoscience, Journal of the American Chemical Society 132(16) (2010) 5761-5768. 
[65] L.R. Krumpe, T. Mori, T7 lytic phage-displayed peptide libraries: construction and diversity 
characterization, Methods Mol Biol 1088 (2014) 51-66. 
[66] J. Leal, T. Dong, A. Taylor, E. Siegrist, F. Gao, H.D. Smyth, D. Ghosh, Mucus-penetrating 
phage-displayed peptides for improved transport across a mucus-like model, International 
journal of pharmaceutics 553(1-2) (2018) 57-64. 
[67] J. Witten, T. Samad, K. Ribbeck, Selective permeability of mucus barriers, Current opinion 
in biotechnology 52 (2018) 124-133. 
[68] W. Arap, M.G. Kolonin, M. Trepel, J. Lahdenranta, M. Cardó-Vila, R.J. Giordano, P.J. Mintz, 
P.U. Ardelt, V.J. Yao, C.I. Vidal, Steps toward mapping the human vasculature by phage 
display, Nature medicine 8(2) (2002) 121. 
[69] T. Kleber-Janke, R. Crameri, U. Appenzeller, M. Schlaak, W.-M. Becker, Selective cloning 
of peanut allergens, including profilin and 2S albumins, by phage display technology, 
International archives of allergy and immunology 119(4) (1999) 265-274. 
[70] J.A. Joyce, P. Laakkonen, M. Bernasconi, G. Bergers, E. Ruoslahti, D. Hanahan, Stage-
specific vascular markers revealed by phage display in a mouse model of pancreatic islet 
tumorigenesis, Cancer Cell 4(5) (2003) 393-403. 
[71] M.G. Kolonin, J. Sun, K.-A. Do, C.I. Vidal, Y. Ji, K.A. Baggerly, R. Pasqualini, W. Arap, 
Synchronous selection of homing peptides for multiple tissues by in vivo phage display, The 
FASEB Journal 20(7) (2006) 979-981. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 39 

[72] W.-J. Chung, K.-Y. Kwon, J. Song, S.-W. Lee, Evolutionary screening of collagen-like 
peptides that nucleate hydroxyapatite crystals, Langmuir 27(12) (2011) 7620-7628. 
[73] H.-E. Jin, R. Farr, S.-W. Lee, Collagen mimetic peptide engineered M13 bacteriophage for 
collagen targeting and imaging in cancer, Biomaterials 35(33) (2014) 9236-9245. 
[74] X. Zhu, J. Wu, W. Shan, Z. Zhou, M. Liu, Y. Huang, Sub-50 nm nanoparticles with 
biomimetic surfaces to sequentially overcome the mucosal diffusion barrier and the epithelial 
absorption barrier, Advanced Functional Materials 26(16) (2016) 2728-2738. 
[75] R. Shogren, T.A. Gerken, N. Jentoft, Role of glycosylation on the conformation and chain 
dimensions of O-linked glycoproteins: light-scattering studies of ovine submaxillary mucin, 
Biochemistry 28(13) (1989) 5525-5536. 
[76] H.H. Sigurdsson, J. Kirch, C.-M. Lehr, Mucus as a barrier to lipophilic drugs, International 
Journal of Pharmaceutics 453(1) (2013) 56-64. 
[77] J.K. Sheehan, K. Oates, I. Carlstedt, Electron microscopy of cervical, gastric and bronchial 
mucus glycoproteins, Biochemical Journal 239(1) (1986) 147-153. 
[78] I.P. de Sousa, C. Steiner, M. Schmutzler, M.D. Wilcox, G.J. Veldhuis, J.P. Pearson, C.W. 
Huck, W. Salvenmoser, A. Bernkop-Schnürch, Mucus permeating carriers: formulation and 
characterization of highly densely charged nanoparticles, European Journal of Pharmaceutics 
and Biopharmaceutics 97 (2015) 273-279. 
[79] G.A. Duncan, J. Jung, A. Joseph, A.L. Thaxton, N.E. West, M.P. Boyle, J. Hanes, J.S. Suk, 
Microstructural alterations of sputum in cystic fibrosis lung disease, JCI Insight 1(18) (2016) 
e88198. 
[80] B.S. Schuster, A.J. Kim, J.C. Kays, M.M. Kanzawa, W.B. Guggino, M.P. Boyle, S.M. Rowe, 
N. Muzyczka, J.S. Suk, J. Hanes, Overcoming the cystic fibrosis sputum barrier to leading 
adeno-associated virus gene therapy vectors, Molecular Therapy 22(8) (2014) 1484-1493. 
[81] J. Du, H. Bandara, P. Du, H. Huang, K. Hoang, D. Nguyen, S.V. Mogarala, H.D. Smyth, 
Improved biofilm antimicrobial activity of polyethylene glycol conjugated tobramycin compared 
to tobramycin in pseudomonas aeruginosa biofilms, Molecular pharmaceutics 12(5) (2015) 
1544-1553. 
[82] T.F. Bahamondez-Canas, H. Zhang, F. Tewes, J. Leal, H.D.C. Smyth, PEGylation of 
Tobramycin Improves Mucus Penetration and Antimicrobial Activity against Pseudomonas 
aeruginosa Biofilms in Vitro, Molecular Pharmaceutics 15(4) (2018) 1643-1652. 
[83] Y.Y. Wang, S.K. Lai, J.S. Suk, A. Pace, R. Cone, J. Hanes, Addressing the PEG 
mucoadhesivity paradox to engineer nanoparticles that "slip" through the human mucus barrier, 
Angew Chem Int Ed Engl 47(50) (2008) 9726-9. 
[84] D. Ghosh, X. Peng, J. Leal, R.P. Mohanty, Peptides as drug delivery vehicles across 
biological barriers, Journal of pharmaceutical investigation 48(1) (2018) 89-111. 
[85] M. Kristensen, H.M. Nielsen, Cell-Penetrating Peptides as Carriers for Oral Delivery of 
Biopharmaceuticals, Basic & clinical pharmacology & toxicology 118(2) (2016) 99-106. 
[86] M. García-Díaz, D. Birch, F. Wan, H.M. Nielsen, The role of mucus as an invisible cloak to 
transepithelial drug delivery by nanoparticles, Advanced Drug Delivery Reviews 124 (2018) 107-
124. 
[87] H. Hatakeyama, H. Akita, H. Harashima, The polyethyleneglycol dilemma: advantage and 
disadvantage of PEGylation of liposomes for systemic genes and nucleic acids delivery to 
tumors, Biological and Pharmaceutical Bulletin 36(6) (2013) 892-899. 
[88] A.B. Hill, M. Chen, C.-K. Chen, B.A. Pfeifer, C.H. Jones, Overcoming gene-delivery hurdles: 
physiological considerations for nonviral vectors, Trends in biotechnology 34(2) (2016) 91-105. 
[89] J.T. Huckaby, S.K. Lai, PEGylation for enhancing nanoparticle diffusion in mucus, 
Advanced drug delivery reviews 124 (2018) 125-139. 
[90] K.R. Goetzinger, A.G. Cahill, An update on cystic fibrosis screening, Clinics in laboratory 
medicine 30(3) (2010) 533-43. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


 40 

[91] N.A. McNeer, K. Anandalingam, R.J. Fields, C. Caputo, S. Kopic, A. Gupta, E. Quijano, L. 
Polikoff, Y. Kong, R. Bahal, J.P. Geibel, P.M. Glazer, W.M. Saltzman, M.E. Egan, Nanoparticles 
that deliver triplex-forming peptide nucleic acid molecules correct F508del CFTR in airway 
epithelium, Nat Commun 6 (2015) 6952. 
[92] Q. Yang, S.K. Lai, Anti-PEG immunity: emergence, characteristics, and unaddressed 
questions, Wiley Interdiscip Rev Nanomed Nanobiotechnol 7(5) (2015) 655-77. 
[93] H. Matsui, V.E. Wagner, D.B. Hill, U.E. Schwab, T.D. Rogers, B. Button, R.M. Taylor, 2nd, 
R. Superfine, M. Rubinstein, B.H. Iglewski, R.C. Boucher, A physical linkage between cystic 
fibrosis airway surface dehydration and Pseudomonas aeruginosa biofilms, Proc Natl Acad Sci 
U S A 103(48) (2006) 18131-6. 
[94] T. Brandt, S. Breitenstein, H. von der Hardt, B. Tümmler, DNA concentration and length in 
sputum of patients with cystic fibrosis during inhalation with recombinant human DNase, Thorax 
50(8) (1995) 880-882. 
[95] M. Ghani, J.S. Soothill, Ceftazidime, gentamicin, and rifampicin, in combination, kill biofilms 
of mucoid Pseudomonas aeruginosa, Canadian journal of microbiology 43(11) (1997) 999-1004. 
[96] S.S. Yoon, R. Coakley, G.W. Lau, S.V. Lymar, B. Gaston, A.C. Karabulut, R.F. Hennigan, 
S.H. Hwang, G. Buettner, M.J. Schurr, J.E. Mortensen, J.L. Burns, D. Speert, R.C. Boucher, 
D.J. Hassett, Anaerobic killing of mucoid Pseudomonas aeruginosa by acidified nitrite 
derivatives under cystic fibrosis airway conditions, J Clin Invest 116(2) (2006) 436-46. 
[97] J. Huang, B. Ru, S. Li, H. Lin, F.-B. Guo, SAROTUP: scanner and reporter of target-
unrelated peptides, BioMed Research International 2010 (2010). 
[98] W.L. Matochko, S. Cory Li, S.K.Y. Tang, R. Derda, Prospective identification of parasitic 
sequences in phage display screens, Nucleic Acids Research 42(3) (2014) 1784-1798. 
[99] S. Yuan, M. Hollinger, M.E. Lachowicz-Scroggins, S.C. Kerr, E.M. Dunican, B.M. Daniel, S. 
Ghosh, S.C. Erzurum, B. Willard, S.L. Hazen, Oxidation increases mucin polymer cross-links to 
stiffen airway mucus gels, Science translational medicine 7(276) (2015) 276ra27-276ra27. 
[100] X. Peng, A. Nguyen, D. Ghosh, Quantification of M13 and T7 bacteriophages by TaqMan 
and SYBR green qPCR, Journal of virological methods 252 (2018) 100-107. 
[101] J.C. Crocker, D.G. Grier, Methods of digital video microscopy for colloidal studies, Journal 
of colloid and interface science 179(1) (1996) 298-310. 
[102] D. Blair, E. Dufresne, The Matlab Particle Tracking Code Repository, available at: 
http://site.physics.georgetown.edu/matlab/index.html, 2008. 
[103] B.S. Schuster, L.M. Ensign, D.B. Allan, J.S. Suk, J. Hanes, Particle tracking in drug and 
gene delivery research: State-of-the-art applications and methods, Advanced Drug Delivery 
Reviews 91 (2015) 70-91. 
[104] J. Suh, M. Dawson, J. Hanes, Real-time multiple-particle tracking: applications to drug and 
gene delivery, Adv Drug Deliv Rev 57(1) (2005) 63-78. 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


Supplementary Information 1 

 
Supplementary Information 

 
• Title 

A combinatorial biomolecular strategy to identify peptides for improved transport across the 

sputum of cystic fibrosis patients and the underlying epithelia  

 

• Author names and affiliations 

Jasmim Leala, Xinquan Liua, Xiujuan Penga, Rashmi P. Mohantya, Dhivya Arasappanb, Dennis 

Wylieb, Sarah H. Schwartzc, Jason J. Fullmerc, Bennie C. McWilliamsc, Hugh D. C. Smytha, 

Debadyuti Ghosha* 

a2409 University Ave, Austin, TX 78712, USA 

Division of Molecular Pharmaceutics and Drug Delivery, College of Pharmacy, The University of 

Texas at Austin 

b102 E. 24th Street, Austin, TX 78712, USA  

Center for Biomedical Research Support, The University of Texas at Austin 

c11111 Research Blvd Suite 300, Austin, TX 78759, USA 

Seton Healthcare Family 

*Corresponding author 

Debadyuti Ghosh 

(512) 232-7155 

dghosh@austin.utexas.edu 

 
 
 
 
 
 
 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/659540doi: bioRxiv preprint 

https://doi.org/10.1101/659540


Supplementary Information 2 

 
1. SI Figures 
 
 
Figure S1 

 
 
Figure S1. Peptide frequencies over rounds of selection in 60 minutes eluates between two 
replicates; each point represents a peptide sequence. Heat map represents peptide sequences 
diversity (i.e. number of unique sequences). The frequencies of specific peptide sequences are 
reproducible between replicates over three rounds of selection and indicate a convergence of 
most frequent peptides over rounds, suggesting an enrichment for unique peptide sequences 
with desired properties (i.e. mucus penetrating). 
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Figure S2 
 

 
Figure S2. Analysis of changes in amino acid composition over rounds of selection. Overview of 
average amino acid composition changes (%) over rounds of all unique peptides sequences 
compared to the naïve library composition. Standard amino acid one-letter codes are used. 
Amino acids scale ranges from most hydrophobic to most hydrophilic residues, according to 
calculated hydropathy scores in the literature (1). 
 
 
2. SI Tables 
 
Supplementary Table 1 
 
# Primer sequence Purpose 
LIBF Biotin-5' ATGCTCGGCGATCCGAATTCTTGC 3' Cloning CX7C library 

and individual clones, 
biotinylated extension 
primer 

LIBR 5' AACTGCAAGCTTTTAGCA(MNN)7GCAAGAATTCGGATCGC 3' Cloning CX7C library, 
NNK primer 

NGS1F 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
GTCGTATTCCAGTCAGGTGTG 3’ 

Next generation 
sequencing, 1st step 
PCR forward primer 

NGS1R 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
GAGCGCATATAGTTCCTCCTTTC 3’ 

Next generation 
sequencing, 1st step 
PCR reverse primer 

T7F 5’ CTTCCAAGCGGACCAGATTAT 3’ T7 Sanger sequencing 
forward primer 

T7R 5’ AGCGCATATAGTTCCTCCTTTC 3’ T7 Sanger sequencing 
reverse primer 

qPCRF 5’ GTTCTCGCTGGGATGCTATT 3’ qPCR forward primer 
qPCRR 5’ GCCTCAACTCTCTTAACGTACTC 3’ qPCR reverse primer 

 
Supplementary Table 1. Primer Sequences 
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Supplementary Table 2 
 
 

Sample Selection 
round 

Number of total reads Unique peptides 

R115N1 1 548503 62233 
R115N2 1 631834 30381 
R130N1 1 541356 59001 
R130N2 1 850324 117761 
R160N1 1 816262 296972 
R160N2 1 766299 131432 
R215N1 2 670998 6581 
R215N2 2 638945 3696 
R230N1 2 745741 11298 
R230N2 2 631443 2978 
R260N1 2 678387 36364 
R260N2 2 613838 37641 
R315N1 3 716516 2862 
R315N2 3 677479 3496 
R330N1 3 590962 9167 
R330N2 3 444176 2355 
R360N1 3 739228 20328 
R360N2 3 502589 19178 
T7 library 0* 584850 369086 
T7libR1 1* 290441 125856 
T7libR2 2* 731956 268379 
T7libR3 3* 557957 90786 

 
Supplementary Table 2. Number of sequences in each step of the processing. Provided 
numbers indicate the number of sequences in each particular step. *without selection, just 
amplification. 
 
Supplementary Table 3 
 

Surface chemistry Medium T (oC) Diameter (nm) Zeta-potential (mV) PDI 
COOH PBS 25 169.0 ± 1.0 -46.1 ± 2.5 0.100 
 BEGM 37 230.7 ± 5.6 -11.8 ± 1.1 0.064 
PEPTIDE-2 PBS 25 178.9 ± 2.5 -35.7 ± 1.8 0.084 
 BEGM 37 286.9 ± 12.4 -10.3 ± 0.2 0.093 
PEPTIDE-3 PBS 25 180 ± 3.8 -30.3 ± 1.8 0.096 
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 BEGM 37 277.6 ± 13.0 -11.5 ± 0.7 0.049 
PEPTIDE-4 PBS 25 180 ± 3.9 -21.4 ± 1.6 0.081 
 BEGM 37 239.1 ± 11.5 -13.3 ± 0.7 0.081 
mPEG 1 kDa PBS 25 186.1 ± 1.7 -15.9 ± 1.2 0.076 
 BEGM 37 257.5 ± 9.6 -11.2 ± 0.3 0.037 
 
Supplementary Table 3. Characterization of fluorescent carboxyl-modified 100 nm 
nanoparticles conjugated onto their surface via EDC chemistry with peptides sequences 2-4, 
and mPEG 1KDa measured by DLS in 1X PBS at 25 oC and BEGM media at 37 oC. Data 
represents mean ± SD (n = 3). 
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1.	 Kyte	J	&	Doolittle	RF	(1982)	A	simple	method	for	displaying	the	hydropathic	

character	of	a	protein.	Journal	of	Molecular	Biology	157(1):105-132.	
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