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Supplemental Methods 

Participant Demographics 

Subpopulations and Intermediate Outcomes in COPD Study (SPIROMICS) is a multi-center 

longitudinal, observational study to identify novel phenotypes and biomarkers of COPD (1). 

Smokers (pack years ≥20 years) with or without airway obstruction were pre-stratified into three 

categories based on spirometric pulmonary function measurements, specifically forced 

expiratory volume in 1 second (FEV1s) and forced vital capacity (FVC): cigarette smokers 

without airways obstruction (Smoker, FEV1s/FVC>0.70, FVC>LLN), mild-moderate COPD 

(mCOPD, FEV1s/FVC<0.70, FEV1s>50%), and severe COPD (sCOPD, FEV1s/FVC<0.70, 

FEV1s<50%). For our study specifically, participants were asked to provide an expectorated 

sputum sample if possible at the same time as one of their annual scheduled SPIROMICS visits 

before providing an induced sample. Participants rinsed their mouths with water and after a 

deep breath with slow exhalation used a coughing manoeuvre to produce a deep sputum 

sample. Samples were stored at 4°C and analyzed by MPT within 24 h of collection in order to 

minimize sample degradation and alteration (2). Aliquots used to determine mucin and DNA 

content were frozen at -80°C until use. Additionally, as part of the SPIROMICS visit, participants 

filled out questionnaires to assess dyspnea with the modified Medical Research Council 

(MMRC) (3), severity of COPD (Body mass index, airflow Obstruction, Dyspnea and Exercise 
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capacity; BODE index) (4), and quality of life via the St. George’s Respiratory Questionnaire 

(SGRQ) (5), the Short Form 12-item survey (SF-12) (6), and the COPD Assessment Test (CAT) 

score (7). Further, exercise capacity by the 6-minute walk distance (6MWD) and computed 

tomography (CT) measures of % gas trapping and % emphysema scans were measured.  

 

Nanoparticle preparation and characterization 

Fluorescent, carboxylate-modified polystyrene particles (PSCOOH; mucoadhesive particle or 

MAP) ranging in size from 100-500 nm were purchased from Life Technologies (Carlsbad, CA). 

PEG-modified particles (PSPEG; muco-inert particle or MIP) were prepared by covalently 

conjugating 5 kDa methoxy-PEG-amine (Creative PEGworks, Winston Salem, NC) to the 

carboxyl groups on the PSCOOH particles using carbodiimide coupling chemistry, as previously 

described (8). Briefly, 100 l of PSCOOH particle suspension was washed and diluted 4-fold in 

ultrapure water. A 5-fold excess of methoxy-PEG-amine was added to the particle suspension 

and mixed to dissolve. N-hydroxysulfosuccinimide sodium salt (sulfo-NHS; Sigma-Aldrich, St. 

Louis, MO) was added followed by 200 mM borate buffer (pH 8.2) and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC; Invitrogen, Carlsbad, CA) at a final concentration of 

10 mM. Particle suspensions were placed on a rotary incubator for 4 h at 25°C. Particles were 

washed and resuspended in ultrapure water to the original concentration. Aliquots for particle 

transport analysis were appropriately diluted in ultrapure water and stored at 4°C until use.  

 Particle hydrodynamic diameter, PDI, and -potential were measured by dynamic light 

scattering and laser Doppler anemometry using a Zetasizer Nano ZS90 (Malvern Instruments, 

Malvern, UK) with a 90° scattering angle. Measurements were conducted at 25°C with particles 

suspended in phosphate buffered 10 mM NaCl, pH 7.4. We recently measured the surface 

density of PEG on PSPEG particles prepared via this protocol to be ~0.09 PEG/nm2 using a 

nuclear magnetic resonance (NMR) method (8). The ability of MIP to resist mucoadhesion was 
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determined by comparing the amount protein adsorbed on the surfaces of MAP and MIP 

following their incubation in mucin solution using BCA assay (9). 

 

Multiple particle tracking analysis 

Nanoparticle transport in sputum was measured by multiple particle tracking (MPT). Aliquots 

(~30 l) from the relatively solid or uniform portions of sputum were taken out of the sputum 

sample using a Wiretrol (Drummond Scientific Company, Broomall, PA) and placed in custom 

microslide chambers. Diluted nanoparticle suspensions were added to the sputum at a final 

dilution of ~3% v/v. A 0.5 l aliquot of green fluorescent MAP plus 0.5 l of red fluorescent MIP 

with each particle size (100, 300, and 500 nm) were added to each chamber. The samples were 

gently stirred and the chambers were sealed with a coverslip to prevent sample dehydration and 

equilibrated for 30 minutes before imaging. The chambers were imaged at room temperature 

using an inverted epifluorescence microscope (Axio Observer; Zeiss, Germany) on a vibration 

table with a 100x/1.46 NA oil-immersion objective. Movies were recorded for 20 s at a temporal 

resolution of 67 ms using an EM-CCD camera (Evolve 512; Photometrics, Tuscan, AZ).  

Movies were analyzed with a custom automated particle tracking software in MATLAB 

(Mathworks; Natick, MA) to extract the x and y positions of particle centroids over time (10, 11). 

At least 100 particles of each size and type were tracked for a minimum of 50 frames. The time-

averaged mean squared displacement (MSD) as a function of time scale, , was calculated for 

each particle trajectory as 〈∆𝑟2(𝜏)〉 =  〈[𝑥(𝑡 + 𝜏) − 𝑥(𝑡)]2〉 + 〈[𝑦(𝑡 + 𝜏) − 𝑦(𝑡)]2〉. Sputum 

samples were assumed to be locally isotropic (although not homogenous), thus the 2D MSD 

measured can be extrapolated to 3D MSD (12). Median MSD values were reported for each 

sample instead of the ensemble average due to the inherent heterogeneity, and non-normal 

distribution of muco-inert nanoparticle (MIP) diffusion in COPD sputum (13). Previously we 

showed that the estimated static error is much smaller than the particle displacements, therefore 
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static error is not expected to significantly impact the calculated MSD (14). Additionally, we 

previously found that the effect of static and dynamic error in MPT experiments was minimized 

for MSD measured at  = 1 s (MSD1s). Thus, log10(median MSDτ=1s) was used as our primary 

measurement readout (10, 11, 14). Microscope resolution was determined by analyzing MSD on 

stuck particles in glue between two coverslips, which was deemed to be less than Log(MSD) of 

-3.  Pore size measurements were determined by obstruction-scaling model based on MSD 

values, which is previously described (2). 

 

Measurement of total solids, mucin, and DNA content 

The total solids content of sputum was determined by freeze-drying. Sputum sample aliquots of 

known mass were frozen in liquid N2 and lyophilized (Labconco, Kansas City, MO) for at least 

12 h to remove water from the samples. The sputum solid content is calculated as the ratio of 

dry mass to wet mass.  

 Mucin concentration was determined based on the reaction of 2-cyanoacetamide 

(Sigma-Aldrich) with O-linked glycoproteins, as previously described (15, 16). Sputum aliquots 

were diluted 20-fold and homogenized by vortexing for at least 15 min. Then, 50 l of the 

suspension was reacted with 60 l of an alkaline solution of 2-cyanoacetamide (200 l of 0.6 M 

2-cyanoacetamide mixed with 1 ml of 0.15 M NaOH) at 100ºC for 30 min. After incubation, 0.5 

ml of 0.6 M borate buffer, pH 8.0, was added and the fluorescence intensity was measured at 

excitation and emission wavelengths of 336 and 383 nm, respectively. Sputum mucin 

concentrations were calculated with reference to a standard curve generated using known 

concentrations of mucin from bovine submaxillary gland (Sigma-Aldrich). 

 DNA concentration was measured using a fluorometric assay based on the reaction of 

diaminobenzoic acid (DABA; Sigma-Aldrich) with DNA, as previously described (15). Sputum 

aliquots were diluted 5-fold and homogenized by vortexing for at least 15 min. Next, 30 l of this 
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suspension was mixed with 30 l of 20% w/v DABA solution and incubated at 60°C for 1 h. One 

ml of 1.76 M HCl was then added to stop the reaction. The fluorescence was measured at 

excitation and emission wavelengths of 390 and 530 nm, respectively. Sputum DNA 

concentrations were calculated based on a standard curve generated using known 

concentrations of DNA from salmon testes (Sigma-Aldrich).  

 

Statistical analysis 

Statistical significance of paired observations were determined using Wilcoxon signed rank test. 

Comparisons between more than two groups were derived by one-way analysis of variance 

(ANOVA) or the non-parametric Kruskal-Wallis test. Correlations between different biophysical 

and pulmonary function measurements were analyzed by Spearman’s rank-order correlation. 

Calculations were performed using GraphPad Prism software. All P values were two-sided and 

P < 0.05 was considered significant.  

 

Supplemental Movies  

Movie E1. 100 nm MIP in Smoker sputum  

Movie E2. 300 nm MIP in COPD sputum 

Movie E3. 500 nm MIP in COPD sputum 
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