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Summary 

The particulate interactions that occur in the manufacture and use of dry powder inhalers (DPIs) can be important 
factors in their efficiency and potential issues for drug delivery. The aim of this work is to produce 3D printed 
structures of well-defined morphology and surface chemistry on the micron scale to aid our understanding of 
particle-surface interactions. This has been achieved using a novel two-photon 3D printing technique. This work 
shows the production of semi-circular test geometries on the micron scale, which have been coated with model 
coatings (plasma polymerised hexane and acrylic acid) producing a consistent well-defined surface chemistry. 
Initial particle-substrate adhesion measurements was acquired using atomic force microscopy force-volume 
mapping and demonstrated and the differences observed using different surface chemistries and different AFM 
colloidal probes discussed. The work aims to isolate and investigate the effect of morphology and surface 
chemistry on particulate adhesion and assist in the development of better DPI formulations and devices.   

Introduction 

In order to achieve drug delivery via the respiratory route, an understanding of particulate interactions is of 
importance. For successful delivery to the distal airways, an aerodynamic diameter of less than 5 µm must be 
achieved. However, using micronisation to produce particles of this size presents a difficult formulation challenge, 
due to the inherent cohesiveness

[1]
 between particles and adhesion to the device, due to the high surface to 

volume ratio of such small particles, causing the particles to aggregate. This tendency can cause a reduction in 
dispersion, aerosolisation and device efficiency. Previous attempts to evaluate the interaction between pulmonary 
particles and surfaces, have generally been restricted to model probes and inhalation surfaces

[2]
, or by comparing 

adhesion of different inhalation particles to a inhalation surface
[3]

, both with no ability to alter the morphology of 
the inhalation surface. Research that has investigated morphology generally have used destructive techniques to 
alter the roughness

[4]
, which is likely to alter other factors such as surface energy and provide limited control for 

optimisation. We aim to overcome these issues by producing bespoke and easily modified well-defined 
microscale morphologies with a consistent surface chemistry using two photon polymerisation (TPP) 3D printing. 

TPP is a novel 3D printing technique which involves the curing of, usually acrylate containing, polymer resins by 
the absorption of two infra-red photons at the focus of a laser beam. TPP has been shown to produce a sub-
diffraction limit lateral resolution of 120 nm

[5]
, allowing the production of both controlled nano- and micro-scale 

roughness. As the polymer resin, is unaffected by individual IR photons, this effect is extremely localised in all 
directions, eliminating the need for structures to be built in layers

[6]
, allowing true 3D structure capability.  

The aim of this work is to produce 3D printed structures of well-defined morphology and surface chemistry on the 
micron scale. This is a scale which is at least two orders of magnitude improvement on current state of the art 3D 
inkjet printers. These structures will then be used to further understand the importance of morphology and surface 
chemistry on powder interaction in DPIs and powder blends in general. The objectives of this work is to 
reproducibly produce micron scale structures, ensuring a consistent surface chemistry, allowing adhesion 
measurements with colloidal probe microscopy.  

Method 

A Nanoscribe photonic professional GT
TM

 two photon printer was used to polymerise a commercial photoresin, IP-
L (Nanoscribe), on glass to produce controlled 3D surfaces. Surface imaging was conducted using atomic force 
microscopy, in tapping and quantitative nanomechanical measurement modes. Plasma polymerisation coating 
was used to produce a consistent surface chemistry and surface energy on the 3D printed surfaces. Hexane and 
acrylic acid monomers were used to form a polymeric coating of plasma polymerised hexane (ppHex) and plasma 
polymerised acrylic acid (ppAAc) respectively. Contact angle measurements were obtained using a CAM200.  

Colloidal probe microscopy was used to measure adhesion between the probe (polystyrene 10µm beads or 
Respitose (Lactose) SV003) and well defined surfaces. Force curves were collected in force-volume mode using 
an ICON AFM (BrukerNano) mapping was conducted on five 20 x 20 µm areas on two different coatings; ppHex 
and ppAAc, at room temperature and ambient relative humidity. 
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Results and Discussion 

Curved edge ridges of a range of dimensions have been successfully printed. AFM was used to evaluate the 
shape and determine accurate height measurements for the fabricated structures. Figure 1A is an AFM 3D 
topography image showing the ridges with a width of 2.8 µm and a height of 1.3 µm. These ridges can then be 
successfully printed with reproducible spacing (see Figure 1B), in order to produce a well-defined morphology. 

 

Figure1: A) AFM image of a nanoprinted ridges and B) a 3D topography image of multiple ridges with 3 µm spacing. 

Figure 2 shows a comparison of the water contact angle obtained on ppHex and ppAAc coatings on glass 
coverslips. An uncoated standard glass coverslip possesses a static contact angle of 52° ± 5°. In comparison after 
ppHex was deposited to a 9 nm average thickness, a hydrophobic surface was generated with a contact angle of 
96° ± 4° as expected due to the hydrocarbon structure and in line with previous findings

[7]
. A coating with ppAAc, 

with its added carboxyl functionality produced a more hydrophilic surface with an average contact angle of 64° ± 
3°, as expected

[8]
. 

 

Figure 2: A comparison of contact angle measurements of surfaces. (left) a ppHex coated glass coverslip and (right) 
a ppAAc coated coverslip. 

 

Force-volume AFM mapping was conducted using an ideal probe (polystyrene 10 µm bead) and a lactose carrier 
particle (Respitose SV003 particle) and tested against each model coating. For each area of 20 x 20 µm 
evaluated, a low resolution topography map (Figure 3A) and corresponding adhesion map (Figure 3B) was 
created. These maps were produced by collecting 256 force curves (Figure 3C) across the area, the adhesion 
energy for each pixel was then calculated as the area under the hysteresis in the retract trace, as identified by the 
red marker, on Figure 3C. The respective topography data was then also recorded at these locations to produce 
an equivalent pixel image resolution. An example topography map showing a surface absent of any significant 
morphology, and its respective adhesion map for one such area are shown in Figure 3, along with a 
representative force curve.  
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C) 

Figure 3: A representative ppHex height image collected in force volume mapping, along with (below) the 
corresponding adhesion map, and (right) an example of a processed force-distance curve. 

Figure 4 shows the resultant histogram plots obtained for the maximum adhesion pull-off force for a polystyrene 
10 µm bead measured on a control ppHex and ppAAc coated surface. Figure 4A represents the adhesion 
between a polystyrene 10 µm bead and the ppHex coating, and is essentially unimodal as expected for a 
consistent surface chemistry, with a peak around 25 nN. However, in contrast the histogram in Figure 4B 
representing the same bead’s adhesion to a ppAAc coating, indicates a bimodal distribution with a peak around 4 
nN and a peak around 23 nN. As ppAAc is more hydrophilic a lower unimodal adhesion to the hydrophobic 
polystyrene bead would be expected. The second higher peak is proposed to be due to capillary forces from 
moisture forming on the hydrophilic ppAAc chemistry, with some areas wetting faster than others. These forces 
would lead to an increase in adhesion pull-off forces

[9]
. 

(A) (B) 

Figure 4: Histograms showing the bin frequency of pull-off adhesion (dots) for five 20 x 20 µm areas of a polystyrene 
10 µm bead from A) ppHex and B) ppAAc, the continuous interpolation of these points is then superimposed (lines). 

In Figure 5, a Respitose SV003 particle was tested against five areas of the same ppHex and ppAAc coated 
surfaces. Figure 5A shows that the adhesion pull off for Respitose is reasonably unimodal for the ppHex surface, 
although displaying a broader peak than for the polystyrene at around 30 nN. The greatly increased size of 
Respitose SV003 and less well controlled contact geometry in comparison to the polystyrene bead, is likely to 
cause an increase in adhesion, with asperities present on the surface causing a greater spread of adhesion. 
Finally, in Figure 5B the adhesion histogram between a Respitose SV003 particle and a ppAAc coated surface is 
shown. As before this shows a bimodal distribution with less of an adhesion than the ppHex counterpart. 
However, this bimodal distribution possesses a narrower spacing with the two peaks at around 20 nN and 26 nN. 
If the occurrence of the two peaks in polystyrene 10 µm adhesion are due to capillary forces then the presence of 
the nanoscale asperities on the surface of the Respitose particle could be the reason for this difference. As 
Hooton et al.

[9]
 showed, a nanoscale asperities can result in a change in the adhesion force response to humidity 

due to different modes of wetting that occur on highly curved nanoscale architectures.  

0 

100 

200 

300 

400 

500 

0 10 20 30 40 50 

C
o

u
n

t 

Adhesion (nN) 



Drug Delivery to the Lungs 27, 2016 - Using 3D printed standards to isolate the effect of surface morphology and 
surface chemistry in DPIs  Using 3D printed standards to isolate the effect of surface morphology and surface 
chemistry in DPIs  

0 

20 

40 

60 

80 

100 

120 

0 10 20 30 40 50 

C
o

u
n

t 

Adhesion (nN) 

 (A) (B) 

Figure 5: Histograms showing the bin frequency of pull-off adhesion (dots) adhesion for five 20 x 20 µm areas of a 
Respitose SV003 particle from A) ppHex and B) ppAAc, the continuous interpolation of these points is then 
superimposed (lines). 

Conclusions 

In conclusion, we have demonstrated the ability to print well defined geometries of an appropriate micron scale 
size range for particle adhesion testing, which opens up the opportunity to accurately and easily vary the 
morphology of a surface, keeping the surface chemistry homogeneous by plasma coating. Also, this work shows 
the beginning of adhesion measurements acquired using force-volume mapping and the differences obtained 
using different surface chemistries and different colloidal probes. 

Future work for this project will proceed on multiple fronts. Firstly, AFM measurements will be conducted at a low 
humidity to avoid capillary effects. This will then extend to measuring adhesion on the well- defined 3D printed 
topographies, with consistent surface chemistry. In parallel to this an investigation into designs and production of 
surfaces that are more relevant to the respiratory drug delivery is needed, as current surfaces are “ideal” models 
and therefore any trends seen will be difficult to extrapolate.   
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