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ABSTRACT: We report new alternating and simultaneous spray-based approaches to the 
assembly of thin films and chemically reactive polymer coatings using azlactone- and amine-
containing building blocks. Our results reveal the impacts of both polymer structure (e.g., the 
presence or absence of hydrolyzed azlactone groups) and other spray-process parameters (e.g., 
number of cycles, elimination of rinses, and changes in spray rate) on key aspects of film growth 
and morphology that are relevant to potential applications of these reactive materials. 
Manipulation of these parameters permits rapid and automated fabrication of uniform and 
continuous coatings that are either (i) thin and optically transparent or (ii) thicker and optically 
opaque, with varying and useful levels of nano- and microscale roughness and porosity. These 
coatings also present both unreacted azlactone and amine functionality, allowing facile post-
fabrication functionalization using amine-based nucleophiles and/or electrophilic amine-reactive 
species. These combinations of control over physical and chemical features permit facile tuning 
of interfacial properties and chemical patterning to design soft material coatings with useful 
properties, including extreme wetting and slippery anti-fouling behaviors. These spray-based 
methods are fast, efficient, and amenable to coating substrates of arbitrary shape and size. The 
approaches reported here should thus help guide the development of new processes for the 
fabrication of these reactive materials that can be implemented at-scale or as elements of 
commercial or industrial processes. 
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Introduction 

Coatings that impart new properties or behaviors to surfaces, such as resistance to 

fouling, changes in wetting behavior, or responsiveness to stimuli, are useful in a broad range of 

applied contexts. Chemically reactive coatings and reactive coating processes are particularly 

versatile in this regard because they (i) permit chemical functionalization or patterning of surface 

features and, thus, tailoring of interfacial properties after fabrication, and (ii) can provide routes 

to crosslinking and promote aspects of structure formation in ways that can lead to desirable 

physical properties and enhance stability in harsh environments. Many methods have been 

developed for this purpose, including both gas-phase (e.g., chemical vapor deposition; CVD) and 

solution-phase approaches (e.g., dip-coating, spin-coating, and spray-coating) that can be readily 

integrated into commercial and industrial processes.  

The work reported here was motivated broadly by methods for the layer-by-layer (LbL) 

assembly of polymer multilayers.1,2 These approaches are extraordinarily versatile and can be 

used to fabricate composite or multicomponent coatings using a broad range of polymer-based 

building blocks and either non-covalent interactions3-6 or covalent bond-forming reactions4,7-11 

that occur between them. LbL processes also allow structural features (e.g., film thickness and 

porosity) and compositional complexity to be varied by manipulation of many different process 

parameters, including the structure and properties of the constituent polymers and the number of 

assembly cycles.1,2,12 As one example of relevance to this study, we reported previously that 

interfacial reactions between the amine-reactive polymer poly(2-vinyl-4,4-dimethylazlactone) 

(PVDMA; Figure 1) and the amine-containing polymer poly(ethyleneimine) (PEI; Figure 1) can 

drive LbL assembly into films that are either (i) thin, smooth, and relatively featureless at the 

nanometer scale,13-15 or (ii) thicker and possessing salient nano- and microscale surface features 
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that lead to coatings with surface or bulk properties (e.g., anti-fouling or anti-wetting behaviors 

and stability in complex media)16-18 of potential utility in many different applications. We note, 

however, that this past work and many other conventional LbL processes involve the repetitive 

immersion of substrates into solutions of polymer building blocks—a process that is time-

consuming, cumbersome, and, in general, challenging to implement on a commercial scale or for 

the coating of larger objects.19-21 

The introduction of spray-assisted methods for LbL assembly has resulted in significant 

practical advances, enabling the deposition and patterning of thin films and coatings over large 

areas, on substrates of arbitrary size and shape, and in industrial and commercial contexts.19-24 In 

addition to practical gains related to efficiency and scale, these spray-based methods also 

introduce many new process parameters (e.g., spray velocity and angle, droplet size, etc.)25-29 and 

enable fundamentally new approaches, including those involving simultaneous spraying,30-32 that 

can be used to tune film morphologies and resulting functional behaviors.19-21,33,34 The work 

reported here was motivated by the broad goal of understanding relationships between spray 

process parameters and elements of polymer structure and chemical reactivity that influence 

	

Figure 1. Structures of (A) poly(2-vinyl-4,4-dimethylazlactone) (PVDMA), (B) a copolymer 
derivative of PVDMA containing carboxylic acid-functionalized side chains, obtained by 
partial side-chain azlactone hydrolysis of PVDMA (P1; m=0.22), and (C) branched 
poly(ethyleneimine) (PEI), the polymer used as an amine-containing building block in this 
study. 
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assembly and govern structure formation in coatings comprised of azlactone-containing 

polymers.  

Here, we report new approaches to the spray-based assembly of chemically reactive 

coatings fabricated using PVDMA and copolymers of PVDMA. These spray-based methods 

enable (i) traditional LbL (i.e., alternate spraying) approaches to reactive assembly that are 

conceptually similar to conventional sequential-immersion processes, as well as (ii) the 

introduction of new processes that permit simultaneous spraying of reactive building blocks to 

construct multicomponent reactive films. We also characterized the influence of structural 

features and process parameters that impact film growth and structure formation in these spray-

assembled films in ways that are important in potential practical applications of these materials. 

We demonstrate that judicious manipulation of these parameters enables the assembly of uniform 

coatings with a wide variety of morphologies and surface features (e.g., ranging from thin, 

smooth, and optically transparent to thick, rough, and nanoporous) using automated processes 

that are faster, more reproducible, and more amenable to scale-up and adoption in processes for 

continuous manufacturing than immersion-based methods. Finally, we demonstrate that these 

spray-assisted methods lead to the retention of both reactive azlactone and reactive amine 

functionality, thereby permitting the rapid and continuous coating of objects that can be 

chemically functionalized, post-fabrication, using a wide range of nucleophilic and electrophilic 

functional groups to impart useful (e.g., anti-fouling, non-wetting, or chemically patterned) 

interfacial properties. The results of these experiments provide insights, guiding principles, and 

new experimental methods that are useful for tuning and tailoring the properties and behaviors of 

azlactone-based coatings, and advance toward an important long-term goal of developing 
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processes for the fabrication of these materials that can be adopted and implemented at-scale in 

commercial and industrial processes.  

 

Materials and Methods 

Materials. Branched poly(ethyleneimine) (PEI, MW ~25 000), acetone (ACS reagent grade), 

dimethyl sulfoxide (DMSO, ACS reagent grade), N,N-dimethylformamide (DMF, ACS reagent 

grade), dimethylaminopropylamine (DMAPA), 1-aminodecane (n-decylamine), 

hexamethylenediamine, (3-aminopropyl)triethoxysilane (APTES, 99%), silicone oil (for oil 

baths), propylamine (98%), propionyl chloride (98%), decanoyl chloride (98%), N,N-

diisopropylethylamine (Hünig’s base, ≥ 99 %), silica nanoparticle dispersions in water (<50 nm, 

triethoxylpropylaminosilane-functionalized), and toluene (ACS reagent grade) were purchased 

from Sigma Aldrich (Milwaukee, WI). Eutrophic lake water was locally sourced from Lake 

Mendota, Madison, WI. Nature’s Touch skim milk was purchased from Kwik Trip (Madison, 

WI). Pooled human urine was purchased from Innovative Research Inc. (Novi, MI). Ethanol 

(EtOH, 200 proof) was obtained from Decon Laboratories (King of Prussia, PA). Double IPA 

beer (Double Dog; Flying Dog Brewery) was purchased from a local liquor store (Madison, WI). 

Yogurt drink (Chobani mixed berry Greek yogurt drink) and Soy Sauce (Kroger) were purchased 

from Pick’ n Save (Madison, WI).	 Fresh porcine blood was collected in a 50 mL conical 

centrifuge tube containing 3.4% sodium citrate in PBS at a ratio of 9:1 (blood:citrate) and stored 

in a refrigerator until use. Wire mesh was purchased from Gerard Daniel Worldwide, Inc. 

(Hanover, PA). Silicon wafers (4 in) were purchased from Silicon Inc. (Boise, ID).	 Silicon 

substrates used for reflective infrared spectroscopy experiments were prepared by depositing thin 

layers of titanium (10 nm) and gold (200 nm) sequentially onto clean silicon wafers using an 
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electron-beam evaporator. PDMS (SYLGARD™ 184) was purchased from Dow, Inc. (Midland, 

MI). Flexible polyester films (Grafix Dura-Lar; 0.005 in) were obtained from Amazon.com, Inc. 

(Seattle, WA). Tetrahydrofuran (THF, ACS reagent grade), wide-mouthed glass containers (30 

mL), polyethylene tubing (1/8″ ID × 1/4″ OD × .062″), Cytiva Whatman™ filter paper (grade 2), 

and glass microscope slides (Corning) were purchased from Fisher Scientific (Pittsburgh, PA). 2-

Vinyl-4,4-dimethyl azlactone (VDMA) was a kind gift from Dr. Steven M. Heilmann (3M 

Corporation, Minneapolis, MN). Poly(2-vinyl-4,4-dimethyl azlactone) (MW ~53, 000; PDI = 

4.1) and P1 (MW ~70,100; PDI = 3.8; 22% hydrolyzed) were synthesized by the free-radical 

polymerization of freshly distilled and undistilled VDMA, respectively, using procedures 

described previously.35,36  Tetramethylrhodamine cadaverine (TMR-cadaverine) was purchased 

from Invitrogen (Carlsbad, CA). 7-Hydroxycoumarin-3-carboxylic acid N-succinimidyl ester 

was purchased from ThermoFisher Scientific (Waltham, MA). Jeffamine® T-403 was a gift 

sample from the Huntsman Corporation (The Woodlands, TX). All materials were used as 

received without further purification unless noted otherwise.  

 

General Considerations. Compressed air used to dry samples was filtered through a 0.2 µm 

membrane syringe filter. Scanning electron micrographs were acquired using a LEO 1550 SEM 

at an accelerating voltage of 3 kV using an in-lens SEM detector. Coated planar surfaces were 

cut into 0.5 × 0.5 cm sections for top-down SEM imaging. For cross-sectional SEM images, the 

substrates were scored on the back and then manually broken to expose the cross-section of the 

films. In some cases, a razor blade was used prior to imaging to scratch a pair of perpendicular 

lines in the films in an arbitrarily chosen location to facilitate imaging of cross-sections of the 

films. The samples were then mounted on a SEM stub by conductive carbon tape. Samples were 
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coated with a thin layer of gold using a gold sputterer operating at 10 mA under a vacuum 

pressure of 50 mTorr for 2 min before imaging. Digital photographs and videos were acquired 

using a Samsung Galaxy S8+ smartphone. For contact angle measurements, coated substrates 

were cut into 1×1 cm square sections. Contact angle measurements were made using a 

Dataphysics OCA 15 Plus contact angle goniometer at ambient temperature with 5 µL Milli-Q 

water droplets. The advancing and receding contact angles were measured by the droplet volume 

change method. Optical thicknesses of films fabricated on silicon substrates were acquired using 

a Gaertner LSE ellipsometer (632.8 nm, incident angle = 70°), and data points were processed 

using the Gaertner ellipsometer measurement software. Relative thicknesses were calculated 

assuming an average index of refraction of 1.4 for the multilayered films. Thicknesses were 

determined for at least three substrates in at least three different locations on each substrate and 

are presented as averages with standard deviations. Polarization modulation infrared reflectance-

absorbance spectroscopy (PM-IRRAS) was conducted in analogy to previously reported 

methods.37,38 Silicon substrates used for reflective infrared (IR) spectroscopy experiments were 

prepared by depositing thin layers of titanium (10 nm) and gold (200 nm) sequentially on clean 

silicon wafers using an electron-beam evaporator (Tek-Vac Industries, Brentwood, NY). Coated 

silicon substrates were placed at an incident angle of 83° in a Nicolet Magna-IR 860 Fourier 

transform infrared spectrophotometer equipped with a photoelastic modulator (PEM-90, Hinds 

Instruments, Hillsboro, OR), a synchronous sampling demodulator (SSD-100, GWC 

Technologies, Madison, WI), and a liquid-nitrogen-cooled mercury cadmium telluride detector. 

For each sample, 500 scans were acquired at a resolution of 4 cm-1, and data was collected as 

differential reflectance vs. wavenumber. Fluorescence microscopy images were acquired using 

an Olympus IX70 microscope and were analyzed using the Metavue version 4.6 software 
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package (Universal Imaging Corporation). All data were analyzed using Microsoft Excel for 

Office 360 and plotted using GraphPad Prism 7 (version 7.0h). 

 

Fabrication of Spray-Based Coatings. Glass, silicon, and gold-coated silicon slides were cut 

into 2×2 cm squares. All substrates were cleaned with water, ethanol, and acetone, dried under a 

stream of filtered and compressed air, and oxygen plasma-treated for 600s (Plasma Etch, Carson 

City, NV). For films fabricated using P1 and non-polymeric linkers, the silicon substrates were 

cleaned in the above manner and then coated with APTES to help promote adherence of the 

coatings to the substrates. Briefly, the cleaned slides were incubated in a 1% APTES (in toluene) 

solution for one hour at 70 °C. The slides were then removed and baked in an oven set at 110 °C 

for 15 minutes. These APTES-treated slides were then used directly or stored in a vacuum 

desiccator prior to use. Coatings were fabricated using an automated SPALAS™ coatings system 

(AGILTRON®, Woburn, MA) with different nozzles for spraying PEI, PVDMA or P1, and rinse 

solutions. In-house compressed air lines supplied pressurized gas with an overpressure fixed at 

20 psi, and all nozzles were calibrated to flow rates of 3 ml/min ± 0.5 ml/min. The substrates 

were placed horizontally (8 cm from the nozzle), and solutions were sprayed perpendicularly to 

the substrates with horizontal movement (at a rate of 1.5 cm/s) to improve homogeneity (coating 

a total surface area of ~2 cm2). The tracking of the spray nozzles used during coating procedures 

varied according to the size and nature of the substrates being coated, but for planar substrates 

generally consisted of a pattern of repeating squares (see relevant figures in the main text). For 

coating the outside surfaces of polyethylene tubing segments, a longitudinal rod was inserted 

through the ends of the tubing segment to create a rotation axis perpendicular to the spray 

nozzles. The tubing segments were rotated at 400 rpm while the spray nozzle sprayed solutions 
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along the length of the tubing segments, resulting in homogenous coatings along the outside 

surface of the tubing segments. For coating the inside surfaces of glass containers, the container 

was placed horizontally on a rotating platform with a rotational axis of 45° relative to the spray 

nozzles. The container was rotated at 200 rpm while the spray nozzle sprayed the solutions, 

resulting in homogenous coatings on the inside surfaces of the containers.  

The coatings were fabricated either by sequential or simultaneous spraying of dilute 

organic solutions of PEI and P1 or PVDMA. All polymer solutions were prepared with respect to 

the molecular repeat units. Sequential spraying was performed in the following general manner: 

(i) substrates were sprayed with a PEI solution (10 mM in DMF with respect to the molecular 

repeat unit) for approximately 6 s; (ii) substrates were washed by spraying with DMF for 

approximately 12 s; (iii) substrates were sprayed again with P1 or PVDMA solution (10 mM in 

DMF with respect to the molecular repeat unit) for approximately 6 s and (iv) finally, substrates 

were washed again with the procedure outlined in step (ii). This cycle was repeated multiple 

times (see main text) to fabricate multilayers consisting of P1/PEI or PVDMA/PEI layer pairs (or 

‘bilayers’). In one modification to the general protocol described above, the DMF rinse steps 

applied between spraying polymer solutions (PEI and P1 or PEI and PVDMA) were eliminated. 

The fabrication of multilayers using P1 and non-polymeric linkers followed the same general 

procedure described above, with the exception that DMSO was used as a solvent instead of 

DMF. Simultaneous spraying was performed by spraying both PEI and P1 solutions at different 

concentrations in DMF (keeping the total polymer spray rate constant at 7.2 ± 1.2 mmol.s-1) 

through two different nozzles at the same time for different cumulative spraying times (see main 

text).	All other substrates used in this study (polyester film, wire mesh, and filter paper) were 

also coated using this protocol. After fabrication, multilayers were cleaned with DMF, dried 
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under a stream of filtered, compressed air, and used in subsequent experiments immediately or 

stored in a vacuum desiccator until use. All coatings were fabricated at room temperature.  

 

Post-Fabrication Functionalization and Chemical Patterning of Reactive Thin Films. Films 

containing unreacted azlactone groups, prepared as described above, were functionalized using 

the following general procedure. In experiments for which larger-area functionalization of the 

entire surface of film-coated substrates was desired, substrates coated with azlactone-containing 

films were immersed in solutions containing primary amine-functionalized molecules. For 

example, film-coated substrates were immersed in solutions of n-decylamine (10 mM in THF), 

propylamine (10 mM in THF), or DMAPA (10 mM in THF) overnight at room temperature. 

Functionalized films were then rinsed with THF and acetone and dried with filtered air. For 

experiments in which microcontact printing was used to chemically pattern micrometer-scale 

features, polydimethylsiloxane (PDMS) stamps consisting of an array of pillars (100 µm square) 

were used. Inking of the stamps was achieved by first spreading a 3 µL droplet of TMR 

cadaverine in DMSO (1 mg/mL) on a clean glass substrate using another glass plate to produce a 

thin layer. The stamp was gently placed onto the wet surface and then quickly transferred and 

placed gently on the surfaces of azlactone-containing films. Stamps were left in contact with the 

films for 30 seconds and then removed. The patterned films were then rinsed with copious 

amounts of DMSO and acetone and dried under a filtered air stream. Post-fabrication 

functionalization by chemical modification of residual amine groups was performed using the 

following general procedure. For functionalization using acid chlorides, coated substrates were 

immersed in solutions containing propionyl chloride or decanoyl chloride (20 µM in THF) and 

Hünig’s base (30 µM in THF) for ~ 3 hours at room temperature. The reaction of film-coated 
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substrates (before or after treatment with acid chloride) with amine-reactive fluorophore was 

performed by placing a droplet of 7-(diethylamino)coumarin-3-carboxylic acid N-succinimidyl 

ester in DMSO (2 mg/mL) on the film-coated substrate surface for 30 min at room temperature. 

After functionalization, the substrates were rinsed with copious amounts of DMSO, acetone, and 

ethanol and dried under a filtered air stream. 

 

Preparation and Characterization of Slippery Surfaces. Porous polymer films fabricated by 

sequential or simultaneous spraying of P1 and PEI were treated with decylamine and decanoyl 

chloride, as described above, and then infused with lubricating liquids (oils) using the following 

general protocol. The required number of droplets of silicone oil (5 µL) were placed onto film-

coated surfaces and physically spread over the surface using weighing paper. The excess silicone 

oil was wiped-off by the weighing paper. For sliding time measurements, a 20 µL water droplet 

was placed onto the oil-infused surface inclined at an angle of 20 degrees. The time required for 

the droplet to slide a distance of 2 cm was measured using a digital timer. 

 

Results and Discussion 

Spray-Based LbL Assembly of Reactive Coatings Using an Azlactone-Containing Copolymer 

We began our studies by investigating the spray-assisted LbL assembly of thin films 

using polyethyleneimine (PEI; an amine-containing polymer) and P1, an azlactone-

functionalized copolymer synthesized by the partial hydrolysis of poly(2-vinyl-4,4-dimethyl 

azlactone) (PVDMA).36 We previously reported that partial hydrolysis of the azlactone groups of 

PVDMA can contribute to structure formation and porosity on the nano- and microscale during 

immersion-based LbL assembly in ways that impart useful functional properties (e.g., coatings 
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that exhibit superhydrophobicity36 or recapitulate features of other PVDMA/PEI coatings 

fabricated in past studies using immersion coating17,18,36 that exhibit extreme wetting or anti-

fouling properties). It was not clear at the outset of these studies whether reactive multilayer 

assembly (in general) or these useful levels of nanoscale structure (in particular) could also be 

achieved by the iterative and alternating spraying of these reactive components directly onto 

surfaces. We began our studies using samples of P1 containing ~22% ring-opened, carboxylate-

functionalized side chains, which is a level of hydrolysis observed to lead to nanoporosity and 

retention of amine reactivity when co-assembled with PEI using immersion in bulk polymer 

solutions.36 This P1/PEI system provided a useful and practical model for these initial studies; 

additional characterization of spray-based methods using PEI and unhydrolyzed PVDMA is 

described in other sections below. 

We fabricated P1/PEI films on the surfaces of planar substrates using an automated spray 

coating system with separate spray nozzles for spraying solutions of P1, PEI, and intermittent 

solvent rinse/wash steps. In these initial experiments, substrates were fixed horizontally, and 

polymer solutions were sprayed from an angle of 90° relative to the surface in a constant 

horizontal motion (covering a total surface area of ~ 2 cm2). A typical spray-based LbL cycle 

consisted of alternate and repetitive spraying of dilute organic solutions of P1 or PEI in DMF 

(used here as a model, non-volatile organic solvent capable of dissolving both polymers and 

other materials described below) for ~6 s, with intermittent solvent-only spray steps for ~12 s 

(Figure 2A; see Materials and Methods for additional details). Figure 2B (solid circles) shows a 

plot of optical thickness, as characterized by ellipsometry, versus the number of P1/PEI layers, 

hereafter referred to as ‘bilayers,’ deposited on reflective silicon substrates. The dotted line 

represents a linear fit to these data and reveals film thickness to increase as a linear function of 
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the number of bilayers, consistent with stepwise, LbL growth and an average growth rate of ~5.5 

nm for each bilayer. Subsequent experiments performed using longer spraying times (~10 s) or 

with the addition of designated delay times of ~10 s between each spraying step yielded films 

with thicknesses and growth profiles that did not vary measurably from those shown in Figure 

2B (data not shown), suggesting that processes that lead to film growth occur rapidly (e.g., with  

spray times as short as 6 s; we did not investigate spray cycles shorter than this in this study). 

	

Figure 2. A) Schematic showing spray-coating workflow for the LbL fabrication of P1/PEI 
coatings. The dotted lines track the horizontal movement of the spray nozzles. B) Plot showing 
the optical thicknesses of P1/PEI films fabricated with (●) and without (▲) intermittent solvent 
rinse steps on silicon substrates versus the number of spray cycles (referred to as a ‘bilayer’), as 
characterized by ellipsometry. Error bars represent the standard deviation of at least three 
measurements on three separate films. For some points, the error bars are smaller than the 
symbols used to represent the data and are thus not visible. The dotted (y = 5.5x, R2 = 0.99) and 
dashed (y = 16.9x , R2 = 0.99 ) lines are linear fits to the data forced through x = 0, y = 0. 
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Figure 3A shows a top-down photograph of a 35-bilayer P1/PEI film ~220 nm thick fabricated 

on a glass substrate. Inspection of this image reveals these films to be optically transparent, 

smooth, and uniform. Further characterization by SEM reveals coatings fabricated using this 

spray-based procedure to be relatively featureless and smooth on the micrometer scale and to 

exhibit nanometer-scale morphological features, including apparent surface nanoporosity (Figure 

3B,C).   

 

	

Figure 3. Digital photographs (A, D, G; scale bars = 25 mm) and low- and high-magnification 
top-down SEM images (B-C, E-F, H-I) of 35-bilayer P1/PEI films fabricated with (A-C) or 
without (D-F) rinse steps and 35-bilayer PVDMA/PEI films fabricated without (G-I) rinse 
steps. The digital photographs of film-coated glass substrates in panels A, D, and G were 
acquired with the substrate positioned over a printed red and black image used as a background; 
that image can be more clearly discerned in panels A and G. The crest logo shown in panels A, 
D, and G is used with permission granted by the University of Wisconsin–Madison. 
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The solid curve in Figure 4A shows a representative PM-IRRAS spectrum of a P1/PEI 

coating fabricated on a gold-coated silicon substrate and reveals an absorbance peak at 1826 cm-1 

corresponding to the carbonyl group of the azlactone ring in P1.13,36 Further inspection reveals a 

second peak centered at ∼1670 cm-1 that corresponds to two overlapping peaks that have been 

attributed in past studies13,36 to (i) the amide I peak (C=O) corresponding to the amide bonds in 

P1 and those formed from the reaction of azlactone groups in P1 with primary amines in PEI and 

(ii) the peak corresponding to C=N functionality in the azlactone groups of P1. Overall, these 

and other results described below are consistent with an iterative, reactive spray-assembly 

process that leads to films that contain residual azlactone functionality at the surface and in the 

bulk of the material. Subsequent experiments demonstrated that these reactive spray-based 

coatings could be functionalized, post-fabrication, by treatment with amine-containing 

nucleophiles to modulate interfacial properties and pattern chemical functionality. The dashed 

curve in Figure 4A shows a representative PM-IRRAS spectrum of a P1/PEI film after treatment 

with a solution of the primary-amine-containing small molecule DMAPA. This result reveals the 

peak at 1826 cm-1 to disappear, consistent with the exhaustive reaction of DMAPA with the 

unreacted azlactone groups in these materials and the installation of hydrophilic tertiary amine 

groups. Figure 4C-E demonstrates that this approach can be used to tailor the wetting behaviors 

of these spray-based coatings. The water contact angle of as-fabricated (azlactone-containing) 

films (θ ≈ 66°, Figure 4C) decreased after treatment with hydrophilic DMAPA (θ ≈ 43°, Figure 

4D) and increased after treatment with the more hydrophobic nucleophile n-decylamine (θ ≈ 88°, 

Figure 4E). We note that these coatings were physically stable (that is, they did not dissolve, 

erode, or delaminate from their underlying substrates) upon exposure to a range of organic 
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solvents, including THF and acetone used during functionalization steps, or upon immersion in 

aqueous solutions for several weeks.  

	

Figure 4. A) Plot showing PM-IRRAS spectra for 10-bilayer P1/PEI films deposited on a gold-
coated silicon substrate before (solid line) and after (dashed line) functionalization by treatment 
with DMAPA overnight at room temperature. B) Fluorescence microscopy image of a native 
(azlactone-containing) P1/PEI film ∼80 nm thick after reactive microcontact printing using a 
PDMS stamp and a solution of tetramethylrhodamine cadaverine. Scale bar = 100 µm. C-E) 
Images showing contact angles of 5 µL water droplets on 35-bilayer P1/PEI multilayers before 
(C) and after (D-E) functionalization with (D) DMAPA or (E) n-decylamine. The thickness of 
the needle used to dispense water as shown in the images is 0.718 mm. The accompanying 
schematic illustrations depict changes in the chemical structures of the films that occur upon 
treatment of the unreacted azlactone groups in these materials with primary amine-containing 
nucleophiles. For clarity, we note that these illustrations are not meant to indicate that 
functionalization occurs selectively at the surfaces of these coatings and that, for simplicity, 
residual amine functionality present in these films (see text) is not shown in these schematics.	
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Figure 4B shows a representative fluorescence microscopy image of a spray-based 

P1/PEI film after reactive microcontact printing of the amine-containing fluorophore TMR-cad 

using a PDMS stamp patterned with 100-micron square posts (see Materials and Methods for 

additional details). The red fluorescent features in this image are consistent with covalent 

immobilization and patterning of TMR-cad on the film via reactions with residual azlactone 

groups. The intensity of these fluorescent features did not diminish after repeated rinsing with 

organic solvents, and otherwise identical control films pre-treated with propylamine to consume 

all remaining azlactone functionality prior to stamping showed no fluorescence (see Supporting 

Information, Figure S1), suggesting that the fluorescence observed in Figure 4B arises from 

covalent immobilization and not physisorption.  

We used amine-based nucleophiles in the experiments described above because reactions 

between azlactones and primary amines generally occur rapidly and under mild conditions,39 and 

this approach has also been used to functionalize a broad range of other azlactone-containing 

materials in past studies.40-47 It is likely, based on the results above, that these spray-based 

coatings could also be functionalized with a range of thiol-containing, hydroxyl-containing, and 

other nucleophiles that react with azlactones under other conditions.39,48-50 We also note that 

while the PVDMA/PEI films in this fundamental study were functionalized using over a period 

of hours, other recent studies from our group demonstrate that spray-based PVDMA/PEI films 

can be functionalized more rapidly (e.g., on the order of a minute) by passing the films through a 

continuous spray of solutions containing reactive amines.51 Overall, we conclude on the basis of 

these initial studies that spray-based methods can be used to promote the LbL assembly using 

azlactone-containing polymers with retention of many of the salient features and practical 
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outcomes common for assemblies fabricated using immersion-based methods. The sections 

below describe approaches for tuning the physical and chemical morphologies and resulting 

behaviors of materials fabricated using spray-based methods in ways that are efficient and 

scalable and that would be difficult to achieve using immersion-based protocols. 

 

Spray Assembly of Rough and Nanoporous Coatings: Characterization & Potential Applications 

The results of additional experiments demonstrated that manipulation of spraying 

parameters, including the removal of solvent rinse steps between polymer spray steps, could bias 

P1/PEI film growth toward thicker films and result in the development of substantial nano- and 

microscale roughness and porosity. Figure 2B (solid triangles) shows a plot of optical thickness 

as a function of the number of P1/PEI spray cycles conducted in the absence of intermittent 

washing. These films also increased in thickness linearly, but at a significantly faster rate (~16 

nm per bilayer) compared to films fabricated with intermittent rinse steps under otherwise 

identical conditions (~5.5 nm per bilayer; Figure 2A). After 10 bilayers, these coatings were 

∼190 nm thick; films fabricated by the application of additional spray cycles continued to grow 

(vide infra) but could no longer be characterized using ellipsometry because of substantial 

increases in roughness. Whereas films fabricated using spray cycles that included washing steps 

were smooth and optically transparent (Figure 3A shows a top-down image of a 35-bilayer thick 

film fabricated on a glass substrate, revealing the visual clarity of an underlying image), films 

fabricated in the absence of wash steps were optically opaque (Figure 3D) and exhibited surface 

roughness that was apparent to the naked eye. Further characterization of these coatings by SEM 

revealed micro-and nanoscale morphological features and multiscale, irregular porosity to be 
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present both on the surface (see top-down SEM images shown in Figure 3E, F) and throughout 

the bulk (see cross-sectional SEM images shown in Figure S2) of these films.  

These rough and porous coatings also contained residual azlactone functionality, as 

indicted by the presence of an IR absorbance peak at 1826 cm-1 (see Figure S3), and could be 

subsequently functionalized by treatment with small-molecule amines. The combination of 

surface topographic features and post-fabrication functionalization with hydrophilic and 

hydrophobic chemical functionality permitted the design of surface coatings that exhibited 

extreme wetting behaviors. For example, treatment of these thicker coatings (comprised of 35 

P1/PEI bilayers) with solutions of DMAPA resulted in coatings that were superhydrophilic (θ ≈ 

0°) and that, when submerged in water, were extremely non-wetting to liquid oils such as DCE 

(Figure 5A,B; small droplets of DCE (5 µL) exhibited an oil contact angle of ~160° on these 

surfaces, surpassing a key criterion used to define so-called ‘underwater 

superoleophobicity’52,53). In contrast, treatment with n-decylamine yielded coatings that were 

superhydrophobic (e.g., a water contact angle of ~155°, with low water roll-off angles;52,54 see 

Figure 5C-D and Video S1).  
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The roughness and porosity inherent to these superhydrophobic materials was sufficient 

to support the stable infusion of oily liquids, thus also rendering these ‘no-wash’ coatings useful 

for the design of slippery liquid-infused porous surfaces (SLIPS).55-57 Figure 6A-C shows top-

down views of a glass substrate coated with decylamine-functionalized P1/PEI coatings infused 

with silicone oil. These time-lapse images also show a droplet of water (20 µL; colored green to 

enhance visual contrast) sliding over the surface of the substrate (the substrate was tilted at 20°;  

	

Figure 5. A,B) Representative images showing (A) beading of a droplet of DCE (colored red to 
aid visual observation) and (B) the static contact angle (~160°) of DCE droplets on DMAPA-
functionalized P1/PEI multilayers submerged under water. C,D) Images showing (C) beading 
of a droplet of water (colored green to aid visual observation) and (D) the static contact angle 
(~155°) of water droplets, under air, on n-decylamine-functionalized P1/PEI multilayers. The 
thickness of the needle used to dispense water and DCE as shown in the images is 0.718 mm. 
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Figure 6. A-C) Top-down photographs showing a droplet of aqueous TMR (20 µL; tilt angle ≈ 
20°) sliding on a glass substrate coated with a silicone oil-infused P1/PEI film (the glass slide is 
~2 cm long). D) Plot showing the sliding times of different liquids on SLIPS-coated glass slides 
~2 cm long; 20 µL droplets were used in each case and the substrates were tilted to 20°. E-G) 
Series of images showing a sample of tomato ketchup sliding around a SLIPS-coated glass 
container (see also Video S2). The glass container was spray-coated with a 35-bilayer P1/PEI 
coating that was then reacted with n-decylamine and infused with silicone oil prior to use. H-J) 
Series of images showing a sample of ketchup stuck inside a bare, uncoated glass container. K-
N) Series of images showing that PE tubing segments (~ 8 cm long) dipped into whole blood 
(for ~10 s). In each panel, the tube on the left is coated with a P1/PEI SLIPS coating and the 
tube on the right is uncoated; see also Video S3). 
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the droplet was observed to slide at a rate of ~1 cm/s under these conditions). These SLIPS were 

stable and retained their slippery character upon contact with a range of chemically complex 

liquids, including milk, beer, lake water, soy sauce, and human urine, suggesting potential utility 

as non-fouling surfaces in a range of commercial and healthcare contexts (Figure 6D). The 

results of additional experiments showed that ‘no-wash’ coatings fabricated by spraying as few 

as 10 P1/PEI bilayers were sufficient to support infusion of oil and produce SLIPS, reducing the 

overall times needed to fabricate these anti-fouling materials by approximately one-third.  

One potential practical advantage of the spray-based approach reported here is that it can 

be used to fabricate continuous and conformal coatings on objects of	arbitrary shape or size. We 

used the protocol described above to fabricate a continuous SLIPS coating on the inside surface 

of a wide-mouthed glass container, used here as a small-scale model of a vessel useful for the 

storage and dispensing of commercial gels and liquids that would be difficult, cumbersome, or 

resource-intensive to coat using conventional immersion-based methods. Figure 6E-G shows 

selected images of a sample of tomato ketchup placed inside a SLIPS-coated container, and 

shows that the ketchup slid freely on the inside surfaces of the coated container (see also Video 

S2; images of a sample of ketchup in an uncoated container, which remained stuck to the walls 

of the container even at tilt angles of 90°, are included for comparison; see Figure 6H-J). We also 

used this sequential spray method to fabricate SLIPS coatings uniformly on the outside surfaces 

of lengths of flexible polyethylene (PE) tubing (see Figure S4 for additional details and 

discussion). Figure 6K-N shows a series of images of these SLIPS-coated tubes after contact 

with whole blood and reveals them to resist fouling in this context (in these images, SLIPS-

coated tubes are shown on the left side of each panel; uncoated control tubes are shown at right). 

Overall, these results highlight the potential of these spray-based methods to coat objects that 
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would be otherwise unwieldy, time-consuming, expensive, or impractical to coat using dipping- 

or flow-based methods. 

 

Influence of Polymer Structure on Film Growth and Morphology 

Additional experiments using PVDMA instead of P1 revealed the influence of side-chain 

hydrolysis (or the carboxylic acid group content) of P1 on structure formation during the 

fabrication of P1/PEI coatings. Both sequential and repetitive spraying of PVDMA (the 

unhydrolyzed reactive homopolymer from which P1 is synthesized; Figure 1) and PEI, without 

intermittent rinse steps, resulted in thin and optically transparent coatings (Figure 3G) that grew 

linearly to an average thickness of ∼140 nm after 35 spray cycles. These PVDMA/PEI coatings 

were substantially thinner, both overall and on a per-bilayer basis, than 35-bilayer P1/PEI films 

fabricated under otherwise identical conditions (those films were ~1 µm thick, as determined 

from cross-sectional SEM images (Figure S2) and were optically opaque; Figure 3D). Additional 

characterization of these PVDMA/PEI coatings by SEM revealed them to be smooth and 

relatively featureless at both the micro-and nanoscale (Figure 3H, I), in contrast to films 

fabricated using P1 (Figure 3E, F).  

These results, when combined, demonstrate that control over polymer (or copolymer) 

structure can be exploited in the context of spray-based assembly to obtain morphologies, 

properties, and behaviors that are desirable and useful in the context of particular potential 

applications. The mechanisms underlying the evolution of roughness and porosity in these 

systems are not completely understood. These results are, however, consistent with those of past 

studies on immersion-based assembly demonstrating the role that strategic levels of side chain 

hydrolysis can play in biasing film growth and morphology in PVDMA/PEI films, including the 
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evolution of nano/microscale roughness and porosity, which was suggested to occur via 

additional acid/base, ionic, or hydrogen-bonding interactions between P1 and PEI promoted by 

the ionizable carboxylate side chains of P1 during assembly).36  

Overall, the results summarized in Figure 3 and discussed above demonstrate that both 

polymer structure (e.g., side chain hydrolysis) and process parameters (e.g., the presence or 

absence of intermittent wash steps) can be manipulated to design films with a broad range of 

useful properties. In addition to providing useful control over film architecture and function, the 

elimination of intermittent rinse steps also substantially reduces overall coating times by as much 

as one-third compared to protocols involving solvent rinses. We note that the spray-based 

procedures reported here also permit fabrication of azlactone-containing coatings using non-

polymeric amine-containing building blocks, leading to materials with significantly different 

architectures and properties compared to P1/PEI assemblies. The results of experiments to 

fabricate and characterize reactive, spray-based coatings using (i) small-molecule (non-

polymeric) diamine linkers and (ii) amine-functionalized nanoparticles are included as 

Supplementary Information (see Figures S5 and S6). Further manipulation of other process 

parameters (e.g., spray angle and droplet size, spraying rate, and incorporation of additional 

intermittent rinsing or drying steps) are likely to also lead to new physical and chemical 

behaviors and have the potential to further improve manufacturing efficiency or broaden the 

range of potential applications for which these reactive coatings could be useful.  

 

Fabrication of Reactive Coatings by Simultaneous Spray Assembly 

Subsequent experiments demonstrated that coatings with useful features could also be 

fabricated by spraying P1 and PEI as reactive building blocks simultaneously (i.e., at the same 



	 25 

time, continuously, and with no washing steps; see schematic in Figure 7A). To explore the 

feasibility of this approach, we simultaneously sprayed dilute solutions of P1 and PEI at five 

different P1/PEI spray rate ratios (1:7, 1:3, 1:1, 1.9:1, and 3:1, achieved by spraying different 

concentrations of P1 and PEI solutions at the same flow rates) while keeping the combined 

polymer spraying rate (7.2 ± 1.2 mmol/s) constant. For these experiments, all other film 

fabrication parameters, including spray volume, spray angle, and spray distance, were 

maintained as described above for alternating LbL-based spraying procedures (see Materials and 

Methods for additional details) and coatings were deposited on silicon substrates to facilitate 

characterization of film thicknesses and growth.  

Figure 7B shows a plot of optical thickness as a function of spraying time for these 

different P1/PEI spray rate ratios. The dotted lines represent fitted linear regression curves (R2 ≥ 

0.99) to these measured optical thicknesses, and reveal film thickness to increase linearly as a 

function of continuous spraying time regardless of the P1/PEI spray rate ratio used. Due to the 

notably increased opacity of films fabricated at the 1:1 P1/PEI ratio at longer spray times, 

thicknesses could not be measured by ellipsometry. We therefore estimated the thicknesses of 

films fabricated at this condition (e.g., a 1:1 P1/PEI ratio after spraying for 145 s) from cross-

sectional SEM images (see Figure S7; the thickness value resulting from this measurement is 

indicated by the red triangle in Figure 7B, which is also marked with an asterisk to differentiate it 

from values obtained using ellipsometry). We caution that this SEM-derived thickness cannot be 

compared formally to the optical thicknesses measured using ellipsometry. We note, however, 

that this physical thickness falls near a value close to what would be predicted based on the 

linear growth rate observed during shorter spraying times (Figure 7B, filled inverted triangles; 

the dashed arrow shows a linear projection to longer times and is included only to guide the eye).  
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Overall, we found the P1/PEI spray ratio to influence film growth rate, with maximum 

growth rates observed for the continuous spraying at a ratio of 1:1 (Figure 7B; Figure 7C also 

	

	

Figure 7. A) Schematic showing the simultaneous spraying of P1 and PEI to fabricate P1/PEI coatings. 
The dotted lines track the horizontal movement of the spray nozzles. B) Plot showing the optical 
thicknesses of P1/PEI films, as characterized by ellipsometry, as a function of number of cumulative 
spraying time at five different ratios of spraying rates, 1:7 (●), 1:3 (▲), 1:1 (▼), 1.9:1 (♦), and 3:1 (○). 
The combined P1 and PEI spraying rate was kept constant at 7.2 ± 1.2 mmol/s (see text). For some 
points, the error bars are smaller than the sizes of the symbols used to represent the data and are 
therefore not visible. For the 1:1 P1/PEI ratio, the thickness after 145 s of spraying time (denoted in the 
plot by a red-colored inverted triangle with an asterisk; ▼*) was determined from cross-sectional SEM 
images (see Figure S7 and additional discussion in the text). The dotted lines are the linear fits (R2 ≥ 
0.99) to the data forced through x=0 and y=0. The dashed double arrow is included only as a guide to 
the eye (see text). C) Plot showing the growth rate (taken from the slopes of the dotted lines shown in 
(B) versus the P1/PEI spraying rate ratio; error bars are smaller than the sizes of the symbols used to 
represent the data. D) Low- and high-magnification (inset) SEM images of coatings fabricated by 
simultaneously spraying P1 and PEI at 1:1 ratio of spraying rates on a silicon substrate for 145 seconds. 
Scale bar = 2 µm; 400 nm insets. 
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shows a plot of the growth rates, determined from the slopes of linear regression curves in Figure 

7B, as a function of P1/PEI spray rate ratios). Film growth rates decreased substantially when 

spray rate ratios deviated from 1:1. For example, whereas films fabricated with a P1/PEI spray 

rate ratio of 1:1 were ∼560 nm thick after 145 s of spraying, coatings fabricated using ratios of 

1:7, 1:3, 1.9:1, and 3:1 reached thicknesses of ∼135 nm, ~100 nm, ~40 nm, and ∼10 nm, 

respectively, after 145 s of spraying. All films fabricated by simultaneously spraying P1 and PEI 

exhibited roughness that was visible to the naked eye under all conditions tested. Figure 7D 

shows a representative top-down SEM image of a film fabricated using a 1:1 spray rate ratio. 

This coating appears to have a rough and granular morphology that consists of micro-and 

nanoscale aggregates. This granular or irregular microscale morphology was also observed for 

simultaneously sprayed films fabricated at other spray rate ratios (see Figure S8). 

Characterization of films that were scratched prior to imaging revealed an ultrathin continuous 

polymer film covering the silicon substrates and surrounding the salient micro-and nanoscale 

features in these images (see Figure S9 and insets in Figure S8). Overall, the morphologies of 

these simultaneously sprayed films varied significantly from those observed for sequentially 

sprayed films described above (as shown in Figure 7D and Figure 3E-F).  

The results above are consistent with a mechanism of film growth that involves the 

continuous formation and deposition of polymer aggregates during simultaneous spraying. 

General support for this view is provided by observations of large and visible aggregates that 

form within several seconds when solutions of PEI and P1 are mixed as a result of reactions 

between amines and azlactone groups and other ion-pairing interactions with PEI that could arise 

from the presence of carboxylic acid side chains.36 During simultaneous spraying, aggregates or 

complexes of these polymers are likely to form continuously and either (i) drain from the surface 
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under forced flow or (ii) deposit on the surface continuously during fabrication in ways that 

depend upon the ratio of the two polymers in the mixture (similar to behaviors described 

previously for aggregates formed during the simultaneous spraying of oppositely charged 

polyelectrolytes30,32,58,59). In the case of both low and high P1/PEI ratios, where an excess of 

either P1 or PEI is present, we speculate that the likelihood of the deposition of aggregates on the 

surface would be smaller compared to aggregates formed when P1 and PEI are sprayed at ratios 

close to 1:1. At these conditions, aggregates formed in solution would be more likely to drain 

from the surface (due to an excess of amine or azlactone functionality in the aggregate), leading 

to reduced film growth, consistent with results shown in Figure 7B-C. In any case, continuous 

spraying appears to result in the continuous formation and deposition of polymer complexes, 

resulting in gradual film growth over time (as observed by the linear increases in the film 

thickness shown in Figure 7B; see also Figure S10 for SEM images of P1/PEI coatings at 

different spraying times, which reveal an increase in overall film coverage and other changes in 

morphology as a function of spray time). These results also suggest opportunities to manipulate 

process parameters in ways that permit the microscale morphologies, and thus the functional 

properties, of these coatings to be further tuned (e.g., such as wetting behavior; Figure S11 

shows changes in water contact angles that can be achieved by manipulation of spraying rate 

ratios). Finally, we note that structure formation in these simultaneously sprayed materials can 

again be influenced by side-chain azlactone hydrolysis. In general, films formed using 

unhydrolyzed PVDMA were visually smooth and transparent (see Figure S12A,C) and lacked 

larger micron-scale features and porosity apparent in simultaneously sprayed P1/PEI films (see 

Figure S12B-D).  
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Reactive Functionalization and Characterization of Simultaneously Sprayed Coatings 

We conducted a final series of experiments to characterize the reactivities and functional 

properties of the thicker P1/PEI films described above fabricated using simultaneous spraying 

and a spray rate ratio of 1:1. Figure 8A (solid curve) shows a representative IR spectrum for a 

simultaneously sprayed film fabricated on a gold-coated silicon substrate and again shows (i) an 

absorbance peak at 1826 cm−1 corresponding to the carbonyl group of the unreacted azlactone 

functionality and (ii) a peak at ∼1670 cm−1 characteristic of amide bonds that form when 

PVDMA reacts with primary amines.13,36 Exposure of these films to n-decylamine at room 

temperature (see the dotted curve in Figure 8A) results in a significant decrease in the peak at 

1826 cm–1 and increases in the amide I peak at 1670 cm–1 and a distinct amide II peak at 1544 

cm–1. These results, when combined with the stability of these films upon extended exposure to 

organic solvents, are consistent with covalent crosslinking and demonstrate that simultaneous 

spraying leads to coatings that retain residual azlactone functionality that is available for further 

reaction and post-fabrication manipulation of film features. 
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Additional experiments demonstrated that residual amine-based chemical functionality 

associated with PEI can also be chemically modified, post-fabrication, with a range of amine-

reactive electrophiles, including compounds containing N-succinimidyl esters and chloroformyl 

groups. Figure 8B shows an image of a film (∼170 nm thick and pre-treated, in the manner 

described above, with n-propylamine to exhaust remaining azlactone functionality) that was 

	

Figure 8. A) Plot showing PM-IRRAS spectra for P1/PEI films (fabricated using simultaneous 
spraying-based procedures, P1/PEI spraying ratio = 1:1) deposited on a gold-coated silicon 
substrate before functionalization (solid line) and after treatment with n-decylamine (dotted 
line) and then treatment with n-decanoyl chloride (dashed line; refer to the main text for more 
details). B,C) Fluorescence microscopy images of a (B) amine-containing (C) decanoyl 
chloride-treated P1/PEI film (∼170 nm thick, fabricated on a silicon substrates, and pretreated 
with propylamine to exhaust residual azlactone functionality) after treatment with 7-
(diethylamino)coumarin-3-carboxylic acid N-succinimidyl ester. (D) Merged fluorescence 
images of native (amine and azlactone-containing) P1/PEI films after treatment with 
tetramethylrhodamine cadaverine, followed by treatment with coumarin-NHS ester. Scale bars 
= 100 µm. E-I) Images showing contact angles of 5 µL water droplets on P1/PEI films (E) 
before and after (F-I) functionalization with (F) DMAPA (the contact angle of a 5 µL DCE 
droplet on the same film under water is shown in (G)), (H) n-decylamine, and (I) n-decylamine 
followed by n-decanoyl chloride. The thickness of the needle used to dispense water as shown 
in panel G is 0.718 mm. The accompanying schematic illustrations depict changes in the 
chemical structures of the films that occur upon treatment of the unreacted azlactone and amine 
groups in these materials with primary amines or acid chlorides, respectively. For clarity, we 
note that these illustrations are not meant to indicate that functionalization occurs selectively at 
the surfaces of these coatings. 
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treated with a solution of an amine-reactive fluorophore (7-(diethylamino)coumarin-3-carboxylic 

acid N-succinimidyl ester). This image clearly shows the presence of fluorescence (false-colored 

blue) throughout the film. Figure 8C shows the result of an otherwise identical experiment using 

a P1/PEI film that was first treated with propionyl chloride to exhaust residual amine 

functionality prior to treatment with the N-succinimidyl fluorophore. Taken together, these 

results suggest that the fluorescence observed in Figure 8B is the result of the covalent reaction 

of the fluorophore with the residual amine functionality in these materials (e.g., as opposed to 

physisorption). Spectroscopic characterization of the reaction of the amines in these films with 

acyl chlorides or other electrophiles was complicated by the existing amide I peak at ∼1650 cm−1 

in these materials (Figure 8A, dashed line). However, the results of these fluorescence 

microscopy experiments and changes in the functional properties of these coatings upon 

treatment with amine-reactive molecules (described below) demonstrate that these azlactone-

containing P1/PEI films can also be modified, post-fabrication, by treatment with a range of 

amine-reactive electrophiles.  

The presence of both amine and azlactone functionality in these films creates 

opportunities to immobilize molecules containing both nucleophilic and electrophilic functional 

groups on these surfaces. Figure 8D shows a merged fluorescence image of a film treated with an 

amine-functionalized fluorophore (tetramethylrhodamine cadaverine, false-colored red) followed 

by treatment with the N-succinimidyl ester-functionalized fluorophore described above (false-

colored blue). It is also possible to exploit this dual functionality to tailor the physical properties 

(e.g., the wetting behaviors) of surfaces coated with these reactive films by treatment with 

combinations of reactive hydrophilic and hydrophobic molecules. For example, treatment of 

P1/PEI films with solutions of DMAPA resulted in significantly hydrophilic coatings (θ ≈ 26°, 
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compared to the untreated films (θ ≈ 82°); Figure 8E-F) and, when submerged in water, these 

DMAPA-treated films exhibited underwater superoleophobicity (Figure 8G; θ ≈ 163°). In 

contrast, treatment with n-decylamine resulted in a significant increase in the water contact 

angles of these films (θ ≈ 124°, Figure 8H). These n-decylamine-treated films did not, however, 

exhibit robust slippery characteristics when infused with silicone oil (in general, these surfaces 

became less slippery, as determined by characterization of the sliding times of liquid droplets on 

these surfaces after a few minutes of immersion in, and subsequent removal from, water). 

However, when we further reacted these decylamine-treated films with decanoyl chloride to 

react with residual amine functionality (θ ≈ 124°, Figure 8I) and then infused the films with 

silicone oil, the resulting slippery surfaces (θhys ≈ 5°) remained stable under a range of conditions 

and upon subjection to a range of subsequent physical and chemical insults (as described below).  
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Figure 9 reveals these oil-infused, dual-functionalized coatings to remain stable and 

slippery when contacted with a range of chemically complex liquids (panel A) and to retain their 

anti-fouling properties upon repeated bending and flexing (panels B-E), deep scratching (F-H), 

or permanent creasing (panels I-K) of the coatings or the underlying substrates. These features 

reflect the soft and flexible nature of the coatings themselves, and allow these materials to either 

	

Figure 9. A) Images showing 20 µL drops of liquid media sliding down a glass slide (~2 cm long, tilted 
to 20°) coated with silicone oil-infused P1/PEI films: droplets of urine, blood, tea, soy sauce, eutrophic 
lake water and yogurt drink are shown. See also Video S4. (B-E) Top-down perspective showing 
droplets of aqueous TMR (20 µL) on a sample of SLIPS-coated (B,C) and uncoated (D,E) flexible 
polyester substrates bent and held end-to-end. See also Video S5. (F,G) Photographs showing the 
sliding of a droplet of aqueous TMR on a SLIPS-coated glass substrate (~2 cm long) that was scratched 
in multiple locations (marked by the dotted white line); the droplet was observed to slide unperturbed 
over the scratches. (H) SEM image of the scratched coating showing the scratched region; this image 
was acquired after leaching of the infused oil phase. (I-K) Images showing the sliding of aqueous 
droplets (15 µL; colored red and blue to aid visual observation) on SLIPS-coated filter paper. SLIPS 
coated filter paper was permanently creased prior to placing the aqueous droplets, and the aqueous 
droplets were observed to slide on the crease. See also Video S6. L,M) A droplet of aqueous TMR (20 
µL) sliding on SLIPS-coated stainless-steel wire mesh. N,O) Low- and high magnification SEM images 
of P1/PEI coatings on wire mesh prior to oil infusion.  



	 34 

(i) survive physical forces and manipulation associated with many potential applications of these 

materials or (ii) be bent, folded, or manipulated, post-fabrication, into new geometries or other 

designs required for specific potential applications. Finally, the simultaneous spray-based 

procedures reported here are appropriate for fabricating functional coatings and anti-fouling 

SLIPS on surfaces with topologically complex features. Panels L-O of Figure 9 show rough and 

nanoporous P1/PEI coatings sprayed onto stainless-steel wire meshes and the sliding behaviors 

of droplets of water on the surfaces of coated meshes infused with silicone oil. Our results reveal 

these sprayed coatings to cover the surfaces of these topographically complex substrates 

uniformly and conformally. 

 

Summary and Conclusions 

We have reported new alternating LbL and continuous/simultaneous spray-based 

approaches to the assembly of soft material coatings fabricated using azlactone-containing 

polymers and amine-containing building blocks. Our results reveal several important ways in 

which polymer structure (e.g., the presence or absence of hydrolyzed azlactone groups) and 

spray-process parameters (e.g., the number of spray cycles, the elimination of intermittent wash 

cycles, or the manipulation of polymer solution spray rates) can influence aspects of film growth 

and morphology that impart properties relevant to several potential applications of these 

materials. Judicious manipulation of these parameters—or combinations of these parameters—

permits rapid deposition of reactive coatings that are either thin and optically transparent or 

thicker and optically opaque, with varying levels of nano- and microscale roughness or porosity. 

These spray-based coatings can be further functionalized, post-fabrication, by treatment with 

amine-based nucleophiles and/or electrophilic amine-reactive species to impart new chemical 
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functionality, providing means to tune the interfacial (e.g., wetting) properties of these coatings, 

pattern new surface features, or create porous coatings useful for the design of new types of anti-

fouling oil-infused surfaces. These spray-based methods can be applied using automated 

processes that are well-suited for the coating of large objects and are faster and more amenable to 

scale-up and adoption in the context of continuous manufacturing than previously reported LbL 

methods that involve the repeated immersion of objects into polymer baths. Overall, the results 

reported here provide new methods and fundamental insights useful for tuning and tailoring the 

properties and behaviors of azlactone-containing materials, surfaces, and interfaces.40-47 We 

anticipate that these spray-based methods will help guide the development of new processes for 

the fabrication of these reactive coatings that can be implemented at scale or as elements of 

commercial or industrial processes.51 
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