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- Crystallization of PVA occurs whereas amorphous PVP was obtained 

- PLGA nanoparticles are incorporated over the whole range of withdrawal speeds 

- The nanoparticle concentration in the film is influenced by the deposition regime 
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Abstract 

This work relies on the use of dip-coating at various withdrawal speeds to form 

nanocomposite films, with a detailed analysis of the influence of the mode of deposition on 

the nanoparticle (NP) concentration in the dried film. While the deposition of polymer 

solutions on the one hand and colloidal suspensions of NPs on the other hand have been 

separately studied by dip coating, their combination is far being a simple superposition of the 

two separate behaviors. The formation of nanocomposite thin films composed of model 

water-soluble biocompatible polymers (polyvinyl alcohol - PVA and polyvinylpyrrolidone - 

PVP) loaded with poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) was studied 

through a dip coating process. Flat silicon substrates were removed at a controlled withdrawal 

speed from an aqueous colloidal suspension. Thin films of PLGA NPs with concentrations 

ranging from 1 to 10 % wt./wt. in PVA or PVP matrices were prepared. The presence of 

nanoparticles on the well-established process of thin film deposition was examined, as well as 

the influence of the deposition regime on the nanoparticle concentration in the deposited 

coating. We demonstrate that the presence of colloidal dispersion of PLGA nanoparticles in 

water solution of PVA and PVP does not modify the process of film deposition by dip 

coating. A typical “V” shaped curve was observed, with two well-known deposition regimes: 

capillary and draining modes respectively obtained at low and high withdrawal speeds. Due to 

crystallization at low withdrawal speed (favored by slow evaporation of the solvent) it was 

not possible to identify individual PLGA nanoparticles by AFM in the case of the PVA 

matrice. Amorphous PVP nanocomposite films were successfully prepared by dip coating, 

and allowed us to identify individual PLGA nanoparticles with AFM. Because of the 

prevalence of an evaporation-driven phenomenon at low withdrawal speed, incorporation of 

NPs was observed over the whole range of withdrawal speeds, showing original behavior 

compared to recent studies relying on a pure Landau-Levich regime (i.e. non-evaporative 
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systems). Our results indicate that the nanoparticles were not equally retrieved from the 

solution in the capillary and the draining regime. This suggests that the balance between the 

viscous drag and the interfacial effects depends on the deposition mode and calls for a more 

detailed analysis of the physical processes involved in both regimes.  
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Introduction 

In nanocomposite materials, the small volume of nanoscale fillers induces specific behavior in 

comparison to their macro-scale counterparts, such as an extremely high surface-to-volume 

ratio or improved chemophysical responsiveness. Given that the intrinsic properties of the 

nanofillers in the coating differ strongly from the bulk due to confinement effects arising from 

the limited amount of matter, the elaboration of nanocomposites has attracted a great deal of 

interest over the last decades.
1,2 

More specifically, nanocomposite materials in the form of 

films or coatings have found outstanding applications in packaging,
3,4

 sensors
5
, and 

membranes
6,7

 thanks to improved mechanical
8
, dielectric,

9
 antibacterial,

10
 antifouling,

11
 

permeability
12

 or optical properties.
13

 Drug delivery from nanocomposite coating has also 

emerged as a strategy to improve the integration of biomedical materials in the body and 

increase their efficiency through local drug release.
14,15,16

 In this field, innovation is high. 

Triggerable drug delivery using nanocomposite coatings has for example recently emerged.
17

 

In this case, the inclusion of nanofillers renders matrices responsive to external stimuli, 

increasing their tunability and responsiveness in terms of drug release.  

Among the various methods used to deposit surface layers, dip coating is a very simple way 

for coating objects, even with more complex shapes than flat surfaces, such as fibers
18,19,20 

that 

could find valuable applications in the field of biomedical implants
21

. It consists in dipping 

the substrate into a solution containing the material to be deposited, and withdrawing the 

substrate at a constant speed. The process can be automated and can therefore be easily 

implemented in industrial processes, on any type of materials or objects.
22

 Depending on the 

withdrawal speed, the nature of the solvent, and the concentration of the solvent vapors above 

the reservoir, the thickness of the coating can be finely tuned.  Dip coating was first studied in 

the case of a non-evaporative liquid in the pioneering work of Landau and Levich
23

. It has 

been extended to sol-gel processes,
24, 25

 and polymer solutions,
26,27

 where, as the solvent  
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evaporates,  it has been demonstrated that deposition occurs in two specific regimes, namely 

the capillary and the draining regimes (for low and high withdrawal speeds respectively). The 

physical processes of film formation in these two regimes are different (convective and 

Landau-Levich deposition respectively),
22

 leading to a typical “V” shaped thickness 

evolution.
28

 By extension, the preparation of  nanocomposite coatings using dip coating can 

be easily carried out if the polymer solution contains a colloidal dispersion of nanoparticles 

(NPs). Polymer and nanoparticles are both retrieved with the solution by the moving 

substrate, leaving a nanocomposite film after drying. One important question at this stage is 

whether the presence of nanoparticles can modify the well-established process of thin film 

deposition and whether NP concentration in the deposited coating can be influenced by the 

withdrawal speed. In a similar mode of deposition, it has been indeed shown that the 

deposition of colloidal dispersion in the evaporative regime was strongly influenced by the 

vapor mass transfer during drying, leading to a deviation of the withdrawal speed dependence 

of the thickness.
29

 In addition, it is known that enrichment in nanoparticles can occur at the 

receding meniscus, similarly to the “coffee ring effect”,
30,31

 leading to a modification of the 

NP concentration in the dried film, in comparison to the solution.
32,33

 On the contrary, it has 

been recently shown that a selection of nanoparticules can occur at a low withdrawal speed,
34

 

eventually leading to a situation where only the liquid is entrained, the particles being trapped 

in the meniscus and left in the bath (capillary filtering)
35

.  

A literature survey shows that despite an abundant number of studies on the use of dip-coating 

for the deposition of polymer solutions on the one hand and colloidal suspensions of NPs on 

the other hand, the deposition of more complex systems combining polymer and NPs is much 

less well documented. Although some studies describe the preparation of nanocomposites by 

dip-coating,
36,37,38

 no systematic analysis of the deposition process (withdrawal speed, NP 

concentration, polymer type, etc.) of a polymer solution containing a colloidal suspension of 
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nanoparticles has been reported to our knowledge. In the present work, we focused on two 

model biocompatible water-soluble polymers, namely polyvinyl alcohol (PVA) and 

polyvinylpyrrolidone (PVP) for which we evaluated the effect of the presence of poly(lactic-

co-glycolic acid) (PLGA) nanoparticles (a typical carrier for drug encapsulation
39,40,41

) at 

moderate concentrations (up to 10%) on the deposition mechanism. 

 

Material and methods 

Material 

Two polymer matrices (Polyvinyl alcohol (PVA) Mw: 50 kg.mol
-1

, hydrolysed 87 – 89% from 

Aldrich, and Polyvinylpyrrolidone (PVP) Mw average: 58 kg.mol
-1

from Alfa-Aesar) were 

used. Distilled water was used as solvent to solubilize these polymers. Poly (lactic – co-

glycolic acid) 50:50, mol wt 30,000-60,000, and dimethyl carbonate were purchased from 

Sigma-Aldrich. Water was purified with a Milli-Q system (Millipore, France). 

PLGA nanoparticle preparation and purification 

PLGA nanoparticles were prepared by the single emulsion–solvent evaporation process.
42

 To 

prepare the organic phase, 400 mg of PLGA were dissolved in 4 mL of dimethyl carbonate. 

The aqueous phase was a PVA solution at 4% wt./wt. at 4°C. The aqueous phase was placed 

in a cooling Rosett cell in an ice bath. The organic phase was injected in the aqueous phase 

under ultrasound (20 kHz; Vibra-cell ultrasonic processor, Sonics & Materials, USA). 

Sonication was continued during 2 minutes. Then, the dimethyl carbonate was evaporated 

under vacuum at 40°C, 50 mbar for 30 minutes (Welch ILMVEC, USA). Samples were then 

centrifuged (15000xg, 20 min) and the supernatant was discarded. The pellets were dispersed 

in 10 mL of ultrapure water and centrifugation was repeated to purify the sample from the 

excess of surfactant. The pellet was finally dispersed in 10 mL of ultrapure water and stored at 

4°C. The NP concentration  in the final suspension was 13 mg.mL
-1

.  
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Nanoparticle characterization 

The nanoparticle size obtained after deposition of the nanoparticle suspension onto a silicon 

wafer and evaporation of the solvent was measured by Atomic Force microscopy (AFM, 

Dimension Icon with ScanAsyst, Bruker, USA).  A typical AFM image of deposited 

nanoparticles is shown in Figure 1. From a systematic analysis of the nanoparticle size 

performed on a 2 x 2µm AFM image, a mean size of 45 ± 10 nm was found.  

 

Fig. 1: AFM image (2 x 2 µm) showing individual PLGA nanoparticles obtained from the 

deposition of a suspension of nanoparticles. 

 

Thin film preparation and characterization 

Nanocomposite polymer thin films were prepared from polymer solutions in water, to which a 

colloidal suspension of PLGA nanoparticles was added. The PVA was solubilized in water by 

heating (90°C) under magnetic stirring for 2h while the PVP solution was prepared by mixing 

the polymer and water at room temperature, under magnetic stirring for 1h. The concentration 

of both PVA and PVP in water was 30 mg.mL
-1

. Specific amounts of aqueous suspension of 

PLGA nanoparticles (13 mg.mL
-1

, 1.3% wt./vol.) were added to the polymer solution  (30 

mg.mL
-1

, 3% wt./vol.) in order get a concentration of PLGA nanoparticles in the dried film 
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between 1 and 10 % wt./wt. The concentration of solid material in the solution after mixing 

the two parent solutions was therefore <3% and thus can be considered as a dilute solution. 

The viscosity of the solution was measured by a DV2T LV viscometer from AMETEK 

Brookfield (Middleboro, USA). Thin films of polymers were prepared on a silicon substrate 

by dip coating (dip coater QPI-168, Qualitech Industrial Products, India). The substrate was 

immersed in the solution (7 mL) at 200 mm.min
-1

, left in the solution for 1 min and 

withdrawn at a speed from 0.05 to 200 mm.min
-1

 depending on the samples. After complete 

evaporation of the water, dried nanocomposite thin films on silicon were obtained. The 

thickness of the films was measured by visible reflectometry (F20 Film Thickness 

Measurement System, Filmetrics, KLA-Tencor, USA). The thicknesses of the films were 

measured at more than 5 different places and the averaged thicknesses and standard deviations 

were calculated. For all the films, these standard deviations were less than 10%.  

AFM (Dimension Icon with ScanAsyst, Bruker, USA) in tapping mode was performed in 

order to monitor the different surface topographies depending on the nanocomposite film 

composition. The surface roughness R was extracted from the AFM image. R represents the 

amplitude of the deviations (z) of surface heights from the mean height and was estimated by 

means of the Root Mean Squared (RMS) roughness using the formula where n is the number 

of heights considered:  

 

  



10 

 

Results and discussion 

PVA/PLGA nanocomposite thin films 

Figure 2 shows the typical variation of the polymer film thickness (after drying) as a function 

of the withdrawal speed. The results shown here were obtained with neat PVA and blends of 

PVA/PLGA NP (5%), deposited by dip coating from solutions in water. In a log/log scale, the 

thickness versus the withdrawal speed exhibits a typical “V” shaped curve. It first linearly 

decreases with increasing speed, goes through a minimal thickness for a critical speed, and 

then linearly increases for higher values of the speed. This is consistent with the expression of 

the thickness (hf) versus the withdrawal speed (U0) which, in the case of a dried film formed 

upon solvent evaporation, can be written as follows (equation 1):
24

 

(Eq 1.) hf  ki  
 

 
 
 

U 
    U 

 
    

where ki depends on the mass concentration of the polymer in the solution (ci in g.cm
-3

) and 

the density of the polymer  ρi in g.cm
-3

) by ki = ci/ i. E, L, D are the evaporation speed, the 

film width and the global draining constant  respectively. In our case, ki was 2.5 10
-5

 and L 

was 0.01 m.   

 

As seen from this expression, the thickness is proportional to the inverse of the speed at low 

withdrawal speed and proportional to 2/3 of the withdrawal speed at high withdrawal speed. 

These two stages correspond to the so-called “capillary” and “draining” regimes respectively 

(represented in blue and red for better clarity on Figure 2), and are clearly verified in our 

results with a slope in log-log scale of -1 for the low withdrawal speeds and 2/3 for the high 

withdrawal speeds. These two regimes result from different physical processes that dominate 

as a function of the withdrawal speed.
43,44

 In brief, the formation of higher thicknesses is 

favored at low speed due to a continuous capillary flow that drags the solution towards the 

film in formation, upon an evaporation-driven phenomenon. In contrast, higher film 
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thicknesses are built-up above the critical speed due a direct increase in the amount of 

solution removed by the withdrawn substrate, resulting from the interplay between the viscous 

drag of the solution and surface tension (described by the Landau-Levich equation
23

). The 

superposition of the curves for the neat polymer and the nanocomposite thin film shows that 

PLGA nanoparticles do not significantly modify the deposition process of PVA film, whether 

in the draining or the capillary regime. From a fit of the linear parts with Eq. 1, E and D were 

estimated respectively at 4 10
-13

 m
3
.s

-1
 and 3 10

-4
 m

1/3
.s

2/3
 for both neat PVA and the blend 

PVA/PLGA NP (5%). These values are in the range of the values obtained in previous work
27

 

showing similar values of D for polymer solutions loaded at 30 mg.mL
-1

 (the same 

concentration as in the present study) but higher values of E since the solutions were obtained 

in organic solvent having a much faster evaporation rate. 

 

 

Fig. 2: Influence of PLGA nanoparticle concentration on the thickness of PVA films 

obtained by dip coating as a function of the withdrawal speed. Black lines follow slopes 

of -1 and 2/3 in log-log scale as a guide for the eyes. The standard deviation on each 

experimental point is 10%. 
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Since distinct physical processes drive the formation of the films in the “capillary” and the 

“draining” regimes, the question that arises is whether or not the withdrawal speed affects the 

composition of the film (i.e. the NP concentration in the final film). From the applications 

standpoint mentioned in the introduction, such as drug delivery, this is a crucial aspect since it 

can lead to enrichment or depletion of the NPs in the film. In order to evaluate the NP 

concentration in the film, we carried out AFM analysis of the surface of the film. Because the 

NP size (45 nm) is not negligible compared to the film thickness (20 to 200 nm), we 

anticipated that embedded NPs could be identified by AFM.  

Figure 3 shows the surface topographies of the neat PVA (left) and PVA/PLGA NP (5%) 

blend (right) obtained by AFM, for three distinct deposition behaviors: in the capillary regime 

(a), in the intermediate regime (b) and in the draining regime (c). More images are shown in 

the supporting information (Figure SI-1). At high withdrawal speed (c), neat PVA displays a 

smooth uniform surface with low RMS roughness (0.6 nm at 200 mm.min
-1

). In contrast, the 

PVA/PLGA NP (5%) blend displays white spots on the surface that can be attributed to 

embedded nanoparticles, exhibiting higher RMS roughness (1.6 nm at 200 mm.min
-1

). From a 

systematic analysis of the AFM images, we found an average feature size of 51 ± 11 nm, in 

good agreement with the size of the NPs (see experimental part). The increased diameter of 

the NPs in the film can be attributed to a PVA coating of the PLGA NPs.  At low withdrawal 

rate (Figure 3 a)) the topography is very different. Both systems (PVA and PVA/PLGA NP 

(5%) blend) exhibit a very rough surface with a RMS roughness respectively of 13.4 and 10.1 

nm, with strong local variations of the z profile (as shown in the insert). This phenomenon can 

be attributed to a crystallization of the polymer, which dominates the surface roughness. In 

previous work, we showed that withdrawal speed has a significant impact on the 

crystallization of polymers,
45

 which in turn greatly affects the surface roughness. We 

demonstrated that the crystallization process was favored at low withdrawal speed, where the 
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slow solvent evaporation allows for the nucleation and growth of the crystalline domains. In 

contrast, the high evaporation that occurs at higher withdrawal speeds acts as a quench, and 

favors the formation of an amorphous phase. In the present case, it is well known that PVA is 

a semi-crystalline polymer, even in its atactic form (which can crystallize up to 65%).
46

 This 

was confirmed by DSC which shows a strong exothermal signal while heating (see Figure SI-

2). As a result, the surface topography is dominated by the formation of crystalline features at 

low withdrawal speed, preventing the observation of the particles in the nanocomposite films. 

The particle amount as a function of the deposition rate is consequently not accessible. After 

observing this behavior, we therefore did not conduct a detailed NP concentration analysis of 

the surface topography and we switched to a fully amorphous system, PVP, which is now 

described. 

 

Fig. 3: Influence of PLGA nanoparticle concentration and withdrawal speed on the 

morphology of PVA thin films investigated by AFM. a) 0.05 mm.min
-1

 in the capillary 
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regime b) 1 mm.min
-1

 in the intermediate regime c) 200 mm.min
-1

 in the draining 

regime. The inserts show typical topographical cross sections of AFM images. All images 

are 5*5 µm , Z scale=±10 nm. 

 

PVP/PLGA nanocomposite thin films 

In order to cope with the crystallization process observed in the case of the PVA films formed 

at low withdrawal speed, we moved to the formation of nanocomposite thin films using PVP, 

a fully amorphous polymer. Both the film thickness and NP concentration were studied with 

respect to the withdrawal speed, on a range of PLGA NP concentration spanning from 1 to 

10%. 

Figure 4 shows a typical variation of the polymer film thickness as a function of the 

withdrawal speed, for the neat PVP and nanocomposite thin film. Similarly to the PVA case, 

the NPs do not significantly modify the thickness of the PVP film, over the range of NP 

concentration explored in this study, whether in the capillary or the draining regime. All the 

thickness curves are superimposed onto a single master curve. As for the PVA case, the 

values of E (1 10
-11

 m
3
.s

-1
) and D (3 10

-4
 m

1/3
.s

2/3
) were extracted from a fit of the linear parts 

with equation Eq. 1. The difference between the E values for PVA (4 10
-13

 m
3
.s

-1
) and PVP (1 

10
-11

 m
3
.s

-1
) can be attributed to the better affinity of PVA compared to PVP towards water.

27
 

In contrast, the value of D does not differ for the solutions of PVA and PVP and is not 

affected by the NP concentration. This suggests that the viscosity of the solutions is not 

affected in our case by the nature of the polymer, nor the NP concentration. This was verified 

by measuring the viscosity of the solutions which was found to be constant (1.13 mPa.s) and 

relatively close to the viscosity of water (0.90 mPa.s). This is in good agreement with the fact 

that all solutions contained a limited amount of solid material (< 3%). This case is quite 
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different from the work of Gans and coworkers
47

, where the solid content in solution was 

between 10 and 41%, with a dramatic impact on the viscosity.   

 

Fig. 4: Influence of PLGA nanoparticle concentration on the thickness of PVP films 

obtained by dip coating as a function of the withdrawal speed. Black lines follow slopes 

of -1 and 2/3 in log-log scale as a guide for the eyes. The standard deviation on each 

experimental point is 10%. 

Figure 5 displays the surface observations of films obtained using three representative 

conditions of the withdrawal speed (0.5 mm.min
-1

 in the capillary regime, 10 mm.min
-1

 near 

the critical point and 200 mm.min
-1

 in the draining regime), as a function of the NP 

concentration. On the neat PVP film, the surface of the film remained perfectly smooth 

whatever the withdrawal speed, indicating that no crystallization occurred upon drying. This 

is consistent with the structure of PVP that exhibits an amorphous behavior, which was 

confirmed by DSC (see Figure SI-3). Consequently, the modification in the film topography 

can be solely attributed to the presence of the PLGA nanoparticles, which appear as white 

spots on the surface (with dimensions in good agreement with the NP size) in both the 

capillary and the draining regime. In this case, the systematic analysis of the AFM images 
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gives an average feature size of 58 ± 15 nm. Again, the increased diameter of the NPs in the 

film can be attributed to a PVP coating. 

Unlike PVA, PVP-based nanocomposite films can be used to evaluate the influence of the 

deposition mechanisms on the incorporation of the NPs in the films. For that purpose, instead 

of a direct, time-consuming counting of NPs on the AFM images (which cannot be automated 

due to complex threshold adjustments), we used the film roughness as an indicator of the NP 

concentration in the film. As all the images are at the same z-scale, one can directly compare 

the different conditions. Clearly, the intermediate withdrawal speed leads to higher roughness. 

However, it does not mean that the number of PLGA nanoparticles is higher. One has to keep 

in mind that the thickness depends on the withdrawal speed. At 10 mm.min
-1

, the thickness of 

the film is minimal (c.a. 35 nm), and is thinner that the size of the nanoparticles. This makes 

the nanoparticles clearly visible on the AFM images, in contrast to the thicker films where the 

nanoparticles are embedded in the polymer matrice, leading to a smoother appearance of the 

surface. This clearly indicates that the roughness of the films cannot be used to compare the 

NP concentration between two films of different thicknesses. However, for two films having 

the same thickness, but obtained in two deposition regimes, the roughness extracted from the 

AFM images can be used to conclude on the influence of the deposition regime on the amount 

of NPs in the film. 
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Fig. 5: Influence of PLGA nanoparticle concentration on the morphology of PVP films 

in three representative conditions of the withdrawal speed: a) 0.5 mm.min
-1

 in the 

capillary regime b) 10 mm.min
-1

 near the critical point c) 200 mm.min
-1

 in the draining 

regime. The size of the AFM images is 2*2 µm. Z scale=±10 nm. The inserts show typical 

topographical cross sections of AFM images. 

 

Figure 6 shows the thickness dependence of the thin film roughness, in the two deposition 

regimes (draining in red and capillary in blue). For the neat polymer, the roughness is almost 

constant (0.2 nm) with the film thickness indicating that the deposition regime (draining or 

capillary) has no influence. For the nanocomposite films, the roughness is maximum for the 

smallest value of film thickness (~35 nm), and decreases for higher thickness values, 

eventually reaching a plateau, in a similar way for both the capillary and draining regimes. As 

previously mentioned, this phenomenon mostly originates from a scale difference between the 

nanoparticle diameter and the PVP thickness: the NPs become more deeply buried in the film 
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as the thickness increases, resulting in the observed decrease in roughness (a plateau is 

reached when the thickness of the film becomes similar to or higher than the NP size, c.a. 50 

nm). As previously mentioned, the roughness variation between films of different thicknesses 

is not an indication of the NP concentration in the dried film. However, if one considers a 

similar film thickness, the roughness values can be used as qualitative information to compare 

the concentration of nanoparticles in the dried films: a low concentration leads to low 

roughness, and a higher concentration to higher roughness. 

 

Fig. 6. Variation of the film roughness in the capillary regime (a) and the draining 

regime (b) as a function of the film thickness for different concentrations of NP.  The 

standard deviation on each experimental point is shown as a black  vertical line.  
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To gain greater insight into the influence of this property, Figure 7 shows the roughness level 

observed for films at 50 nm. A lower roughness value is observed in the capillary regime, 

indicating a depleted NP concentration in the dried film and consequently suggesting that NP 

entrainment is influenced by the deposition mode in this case. This was confirmed by an 

individual counting of the NPs on 3 different 2 x 2µm scale images (more than 300 

measurements). 25 NPs.µm
-2

 were found in the draining regime, versus 18 NPs.µm
-2

 in the 

capillary regime, confirming a depletion of NPs in the capillary regime (to be compared to the 

theoretical value of 25 NPs.µm
-2

 calculated with nanoparticules having a diameter of 50 nm, 

loaded at 5 % in a film). 

 

 

Fig. 7. Variation of the film roughness at 50 nm in the capillary and draining regimes, 

for different NP concentrations 
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These results can be analyzed in light of the very recent works by Dincau
34

 and Sauret
35

 

studying the deposition of particles from a liquid suspension in dip coating. As described by 

these authors, the NP entrainment by a moving substrate in such a situation results from the 

competition of two opposite forces. On the one hand, the viscous forces are responsible for 

retrieving the NPs out of the solution whereas on the other hand the capillary forces tend to 

curb the meniscus deformation, preventing the NPs from being incorporated in the film. NPs 

are thus incorporated in the deposited films when the viscous drag overcomes the capillary 

forces, which is obtained for capillary numbers greater than a critical value that depends 

mainly on the viscosity of the solution, the NP size and the withdrawal speed. For a given 

viscosity and NP size, NPs are entrained at high withdrawal speed because of viscous drag. In 

contrast, NPs incorporation in the film decreases at low withdrawal speed because the 

capillary forces dominate and may even lead to the point that no particle is found in the film, 

as shown by Dincau et al.
34

 and Sauret et al.
35

. In their situation, such a phenomenon relied on 

a pure Landau-Levich regime (i.e. without solvent evaporation - the particles are dispersed in 

non-volatile oil) over the whole range of withdrawal speed values.  

In our results, NPs are embedded in the films whatever the withdrawal speed. This is because 

in our case, the liquid phase evaporates during deposition which leads, in the low withdrawal 

speed range, to an increase in thickness. This specific effect originates from a self-initiated 

continuous capillary flow that drags the solution towards the film in formation, in an 

evaporation-driven phenomenon (similar to the coffee ring effect). Consequently, the NPs are 

submitted to the same antagonist effects described for the draining regime (viscous vs 

interfacial forces) that allow for the incorporation of the NPs in the film in our case. 

Interestingly, our results suggest that the balance of these two effects is not equivalent in the 

draining and capillary regime. The underlying physical origin of this phenomenon is currently 

under investigation.  
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Conclusion 

We showed that the presence of colloidal dispersion of PLGA nanoparticles in a water 

solution of PVA and PVP does not modify the general process of film deposition by dip 

coating. A typical “V” shaped curve is observed with two well-known deposition regimes: 

capillary and draining modes respectively obtained at low and high withdrawal speeds. For 

both polymer matrices, the thickness is independent of the NP concentration (up to 10%). 

However, a close look at the coating topographies allowed us to point out differences in the 

capillary and the draining regimes for both matrices. In the case of the PVA, crystallization 

was observed at low withdrawal speeds, which is explained by the slow evaporation of the 

solvent. It was not possible to identify individual PLGA nanoparticles by AFM in this case 

due to the high surface roughness generated by the crystallization process. In contrast, 

amorphous PVP nanocomposite films were successfully prepared over the whole range of 

withdrawal speeds, and allowed us to identify individual PLGA nanoparticles with AFM. 

When the thickness is sufficiently low, the particles’ presence modifies the topography on the 

surface and in this case, the roughness measured by AFM was correlated to the NP 

concentration in the film. Because of the prevalence of an evaporation-driven phenomenon at 

low withdrawal speed, incorporation of NPs was observed over the whole range of 

withdrawal speeds, in contrast to other studies relying on a pure Landau-Levich regime (i.e. 

non-evaporative systems). Our results indicate that the balance between the viscous drag and 

the interfacial effects depends on the deposition regime and call for a more detailed analysis 

of the physical processes involved in both regimes. In comparison to the existing literature on 

the dip-coating deposition of polymer solutions on the one hand and colloidal suspensions on 

the other hand, this work offers a new perspective. It brings new insights into the influence of 

NPs on the deposition of polymer solutions by dip-coating (and vice-versa), building essential 

knowledge dealing with phenomena occurring during the deposition. Combining these two 
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systems allowed us to reveal new behavior, particularly concerning the incorporation of NPs 

at low withdrawal speed, making this work particularly relevant, relative to prior literature on 

the separate systems. From the application standpoint (such as the formation of 

nanocomposite coatings containing NPs for controlled drug delivery), this work demonstrated 

that it is important to consider the withdrawal speed for these two major biocompatible 

polymer models. In the case PVA, crystallinity will greatly depend on the process. In the case 

of PVP, the NP concentration in the dried film is affected by the mode of deposition. 
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