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Controlled and sustained release of pharmaceuticals 

via a single step solvent-free encapsulation 

A. Cavallaroa and K. Vasilevb* 

 

 

Herein, we report a novel and solvent-free technique for the 

encapsulation of pharmaceuticals that allows achieving 

controllable release rates. The method utilizes the deposition 

of a plasma polymer coating of controlled chemistry and 

thickness on the outer surface of drug particles placed under 

continuous agitation. 

Today, the benefits of using controlled drug release systems in 
medical therapies are well recognized.1 In conventional drug 
administration, the substance is administered in high doses only to 
be repeated hours or a day later. The drawbacks of this approach for 
the patient are high costs and possible systemic toxicity. In addition, 
many patients have issues with compliance to the administration 
regime.2 These are some of the reasons that brought into light the 
concept of controlled release. Over the last decades, a vast number 
of technologies have been proposed to provide controlled, targeted 
and sustained release of pharmaceuticals delivered by oral or 
intravenous administration, via specifically designed carriers or 
implantable devices.1b, 3 Most of the technologies involve polymeric 
systems which entrap the drug into capsules or into surface coatings. 
The preparation of such formulations require wet processes which 
demand multistep processing and solvents (such as LBL and 
miniemulsion techniques) that have a high cost and often limited 
encapsulation efficacy.4 The use of nanoparticles and liposomes as 
drug carriers has also been extensively investigated.5 

In this communication, we report a facile, one step and dry process 
for encapsulation and control of the release rate of pharmaceuticals. 
Importantly, as demonstrated in this report, the technology can be 
applied to “off the shelf” commercially formulated compounds 
without the need for any pre-treatment steps. The process is based on 
plasma polymer encapsulation of drug powders placed on a moving 
platform that provides random motion of the particles. A schematic 
of the experimental approach is shown in the Scheme. 1 and Fig. S1 
of the supplementary information. We selected ampicillin as model 
drug to demonstrate the technology for two reasons. Firstly, 
ampicillin is a well-established, often prescribed broad-spectrum 

antibiotic commonly used in pharmacokinetic and antibiotic 
resistance studies, which makes the compound an excellent model 
drug. Secondly, providing advances into the delivery of antibiotics 
allows us to make a contribution towards easing the mortality and 
morbidity caused by infectious diseases: the second leading cause of 
death after heart diseases.6 

Antibiotics have previously been used with plasma polymers with 
the purpose of generating antibacterial coatings. Examples are those 
loaded into the plasma polymer films7 or into porous materials.8 
Covalent attachment to plasma polymer coatings has also been 
reported9. 

However, this is the first report that demonstrates encapsulation of 
individual antibiotic particles via plasma polymers. The goal is to 
achieve a sustained and controlled release of concentrations above 
the minimum inhibitory concentration (MIC) for a period of at least 
5 days. Since ampicillin is highly hydrophilic, as many common 
antibiotics, we chose a plasma polymer deposited from vapour of 
1,7-octadiene (ppOD) as the encapsulating material. The resulting 
coatings are relatively hydrophobic (Fig. 1b) and hence we 
hypothesised that this type of encapsulation will reduce the 
interactions between the drug and aqueous medium. In addition, 1,7-
octadiene is easy to deposit from plasma and there are published 
evidence that the coatings are not cytotoxic.10    

 
Scheme 1 Plasma polymer encapsulation of ampicillin for sustained release using 

a plasma reactor with an additional platform to induce continuous agitation of 

powdered substances within the plasma field. 
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To control the rate of release of ampicillin we chose to vary the 

thickness of the capsule wall. Fig. 1a shows the polymer film 
thickness, determined by ellipsometry, as a function of time when 
deposited on planar surfaces. The film thickness increases linearly in 
the studied time of 20 minutes with a rate of 28 nm per minute. 
 

 
Figure 1 (a) Thickness of plasma deposited 1,7-octadiene layer on planar samples 

for various time periods. (b) Water contact angle of plasma polymer coating 

deposited from 1,7-octadiene. (c) XPS spectrum of uncoated ampicillin (top) and 

after encapsulated with ppOD for 5 minutes (bottom), and the corresponding to 

chemical structures of ampicillin (inset I) and 1,7-octadiene precursor (inset II). 

When deposited on particles, the thickness of the coating would be 
lower compared to that deposited on a planar surface for the same 
time. This is intuitive to understand taking into account the high 
surface area of the particles compared to planar surface. However, 
the principle of increased coating thickness with longer deposition 
time would still hold. This gives us the capacity to control the 
thickness of the capsule outer wall. The plasma polymer coatings 
deposited from 1,7-octadiene had advancing water contact angles of 
81° ±2°, image shown in Fig. 1b which is consistent with published 
studies.11 

Ampicillin powder (as received) was added to the plasma chamber 
as received and coated whist being continuously agitated (details of 
the samples holder are given on Fig. S1). The chemical composition 
of the powders was determined via XPS before and after coating. 
Fig. 1c shows a clear difference in the intensity of the N1s and S2p 
peaks, at 399.5 eV and 163.0 eV, respectively, between the uncoated 
ampicillin (top spectrum) and the 1,7-octaidene encapsulated 
ampicillin (bottom spectrum). As seen in the chemical structure of 
ampicillin, the molecule contains nitrogen and sulphur which give 
clear peaks in the XPS survey spectrum. After coating for 5 minutes 
nitrogen and sulphur can no longer be seen. This suggests that the 
coating (1,7-octaidene does not contain nitrogen or sulphur) of the 
outer surface of the powder is uniform and thicker than the sampling 

depth of XPS (ca 10 nm). Three different coating times were used to 
establish different thicknesses of the outer shell: 5, 10 and 20 
minutes (A05, A10 and A20 respectively). 

Fig. 2 shows the release profile of the encapsulated 
ampicillin. The concentration of dissolved drug in aqueous 
medium over time was determined by UV-Vis spectroscopy 
using the intensity of the absorbance band at 268 nm. 

 
Figure 2 Ampicillin release rates over 5 day period. Where release of ampicillin 

into MIlli-Q water from coated and uncoated ampicillin powder based on UV-Vis 

absorbance band (268nm) where AMP (■ ), A05 (▲ ), A10 (X), and A20 (+) 

(uncoated ampicillin and ampicillin with 5, 10 and 20 minute ppOD  coatings 

respectively) showed different release rates depending on polymerisation time. 

Si powder coated with ppOD (♦) was used as a control. All error assumes a ±10% 

deviation. 

Uncoated ampicillin was fully dissolved within 10 minutes. 
Powders coated for 5 and 10 minutes (A05 and A10) released 
all their contents within 20 and 90 minutes, respectively (Figure 
S2). The sample coated for 20 minutes (A20) showed sustained 
release of the ampicillin for 5 days. Si powder coated with 
ppOD was used as an ampicillin-free control. There is a clear 
correlation between the time taken to fully dissolve the coated 
ampicillin and the plasma polymer deposition time used for 
encapsulation. This indicates that the capsule thickness plays a 
crucial role in regulating ampicillin release through restricting 
the ability of water to penetrate the ppOD coating and dissolve 
the ampicillin, and also the capacity of the dissolved ampicillin 
to pass through the coating. It is interesting to note that capsules 
built for 5 and 10 minutes were not capable of significantly 
reducing the release rate of the drug. This suggests that the 
thickness of the coating may not have been sufficient to 
completely encapsulate the drug particles. Although the 
particles were continuously agitated to provide uniform coating, 
the thickness of the capsule wall (few tens of nanometers) is 
very small relative to the size of the particles (few tens to few 
hundreds of microns as seem from microscopy images in Fig. 
S3). In addition, particle shape is not spherical. Thus, 
irregularities in particle shape, such as edges and groves (Fig. 
S3), may not have been fully coated allowing direct exposure to 
the solvent when deposition times were 5 and 10 minutes. 
These issues were fully overcome when the deposition time 
was 20 minutes. This shows the capacity of the technology to 
provide encapsulation of particles of complex shapes and 
diversity of sizes. However, it also shows that the coating 
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thickness needs to be optimised for a particular pharmaceutical 
based of the size and shape of the respective particles.  
Importantly for biological applications, we have conducted 
comparative release studies of the A20 sample in PBS. The 
results are shown in Figure S4 of the supplementary 
information demonstrate almost identical release kinetics. To 
demonstrate that the technology is applicable to other drugs we 
coated vancomycin particles (as supplied) with ppOD for 20 
minutes. However, since the vancomycin particles size 
distribution is different to that of ampicillin (Figure S5), the 
resultant release profile follows a different kinetic (Figure S6). 
This demonstrates that that the condition of encapsulation need 
be optimised for every individual drug. Future studies in our lab 
will aim at establishing (if possible) a universal relationship 
between drug particle size distribution and capsule thickness 
and material. 

Ultimately, it is important to demonstrate that in addition to a 
sustained and controlled release the drug is in active form after 
release. Table 1 shows the MIC values to Staphylococcus 

epidermidis and Escherichia coli obtained using the dissolved 
ampicillin with and without encapsulation. The values for S. 

epidermidis and E. coli were 50 and 3.125 µg\mL respectively. 
There are no differences in the MIC values between the coated and 
the uncoated ampicillin. This result suggests that the plasma 
deposition process did not affect the activity of the drug. The MIC 
values and the release kinetics shown in Fig. 2 also demonstrate that 
at any point of time the drug concentration is above the MIC values. 
The effect of the capsule material on the MIC value was also 
investigated. The data shown in Table S1 shows negligible effect on 
E. coli and no S. epidermidis when tested against coated silica 
powder.  

 
 

Sample S. epidermidis MIC 

(µg\mL) 

E. coli MIC 

(µg\mL) 

AMP 50 3.125 
A05 50 3.125 
A10 50 3.125 
A20 50 3.125 

Table 1 MIC values obtained from leached ampicillin from neat ampicillin 
and ppOD encapsulated ampicillin (A05, A10 and A20) for S. epidermidis 
and E. Coli showing no change in efficacy. 

In summary, we have developed a novel solvent-free 
encapsulation technology which can be used to control the rate 
of drug release. We demonstrate the feasibility of the 
technology with ampicillin as a model drug. We achieved 
sustained release over 5 days and provided evidence that the 
encapsulation process does not alter the activity of the 
compound. The technology presented in this communication 
has an enormous potential for application with variety of drugs 
and medical treatments. Considering the vast variety of plasma 
polymerizable precursors, the physical and chemical properties 
of the outer capsule, as well as the wall thickness, are easily 
customizable and could be fine-tuned to suit different 
applications. Herein, we demonstrate the controlled release of 
hydrophilic drugs, however, we hypothesize that utilising the 
same technology but involving hydrophilic coatings can be 

used to enhance the dissolution and bioavailability for poorly-
soluble drugs. The capsules can also be prepared using 
functional plasma polymers and further decorated with specific 
ligands that would open enormous opportunities into the field 
of targeted drug delivery for treating diseases such as cancer. 
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†Experimental: A bell chamber plasma reactor with an additional port for 

DC current input was used for all plasma reactions. Dry powders were 

coated by using a shaking platform comprised of a centre motor with DC 

voltage speed dependence and an offset weight to induce a random 

shaking motion (Fig. S2). Ampicillin powder was used as purchased, 

brought to room temperature and placed on a Petri-dish attached to the 

platform, without any prior modification to the powder. The chamber was 

brought to a base pressure of 3x10-2 mbar and 1,7-octadiene flowed into 

the chamber until a steady pressure of 2.1x10-1 mbar was obtained. 

Plasma was induced using a 50W 13.56MHz radio frequency for various 

times whist the shaking platform was operating: providing continuous 

agitation to the particles. After deposition 1,7-octadiene flow was stopped 

and the chamber was returned to base pressure to remove any unreacted 

precursor. The chamber was vented and Perti-dish containing coated 

ampicillin removed. 

Coated ampicillin (5mg) was immersed in MilliQ filtered water to a 

precise concentration of 400µg\mL and placed on a mechanical shaker for 

predetermined time periods of time. Absorbance was measured via UV-

Vis spectroscopy (268nm) to determine the concentration of the leached 

ampicillin. A calibration curve was constructed by measuring the 

absorbance of neat ampicillin dissolved in MilliQ filtered water at 

concentrations of 1000µg\mL to 15.625 µg\mL. ppOD coated silica was 

used as a control. 

Ampicillin efficacy was determined by looking at any changes in MIC 

against S. epidermidis (ATCC 35984) and E. coli (ATCC 25922) post 

coating with ppOD. The encapsulated ampicillin was allowed to leach for 

24h in MilliQ filtered water before MIC was performed. 25µL of serial 

diluted leached ampicillin solution in filtered water was brought to a final 

working volume of 200µL with TSB and an end concentration of 1x106 

CFU\mL bacteria. The MIC was determined by looking at wells with no 

turbidity. Results were confirmed by measuring optical density at 600nm 

using a Biotek ELx800. 

 

Electronic Supplementary Information (ESI) available: [details of any 

supplementary information available should be included here]. See 

DOI: 10.1039/c000000x/ 
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