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Time- and site-specific release of bioactive compounds mediated
by microcontainers immobilized on a surface is of high importance
in a variety of tasks related to biomedicine and functional coatings.
In the present work, we investigate arrays of hollow microchambers
formed by composite shells based on a polylactic acid matrix and
single-walled carbon nanotubes filler with high responsiveness
towards electric current stimuli. The monitoring of the morphology
changes reveals significant damages to the shells of microchambers
formed by conductive composite material. The voltage of 3 Vis shown
to be sufficient to induce thermal damages to the microchambers.
This study demonstrates the in-principle possibility to realize the
opening of polylactic acid-based microchambers by application of
low-power currents. The developed system opens a promising avenue
for implantable delivery routes in a number of areas related to smart
coatings, time and site-specific release. We believe these results will
find application in the development of new implantable drug depot
systems in biomedicine and cosmetology.
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Introduction

Surface-mediated system for storage and activat-
ed release of bioactive substances are of interest in a
variety of applications ranging from self-disinfecting
surfaces to tissue regenerative medicine [1-3]. Dis-
covered recently microchambers [4, 5] opens new

horizons in these terms due to high encapsulation
ability, flexible selection of materials depending on
the task which makes it possible to tune the proper-
ties of the chambers with high accuracy. Recently,
microchamber’s arrays were shown to store low-
molecular-weight cargo [6] for a significant time scale
and release it in response to a range of external stimuli
such as ultrasound [7], NIR light [8], and enzymatic
treatment [9]. Devices based on similar functions
were widely applied as implantable drug delivery
systems [10—12]. Biodegradable microchambers im-
planted to white rats were shown to provide prolonged
release of the model drug in vivo [13, 14]. However,
in some cases, the burst release of encapsulated cargo
is more effective [15]. In this regard, biocompatible
stimuli and readily available stimuli for controlled
release are of high demand. Here, we investigate a
polylactic-based array of microchambers functional-
ized with single-walled carbon nanotubes to induce
the thermal opening of microchambers provided by
the application of the low voltages.

1. Experimental section

1.1. Materials

Polylactic acid (3 mm granule, M, ~ 60 kDa)
(PLA) and chloroform (99.5%) were purchased
from Sigma-Aldrich and used as received. The
poly(dimethylsiloxane) (PDMS) kit, consisting of a
prepolymer and a curing agent (Sylgard 184), was
purchased from Dow-Corning, Midland, USA.

1.2. Microchambers fabrication

Fabricate of PLA microchambers was made
through patterned PDMS templates. Prepolymer—cur-
ing agent (10:1) mixture was used to make a replica
from the silicon master mold. Silicon master mold
containing 850 000 micro-pillars was immersed in
the prepolymer—curing agent mixture followed by
a degasation procedure. Then PDMS was solidified
at 80°C for 1 h. The silicon masters were prepared
by traditional photolithography and had round mi-
cropillars with a side of 12 pum, the height of 10 pum,
and center-to-center distance of 16 um. The PLA
microchambers were prepared in two steps: first, the
patterned PDMS template was covered with a thin
layer of PLA and in the second step it was transferred
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to a counter substrate covered with a thin layer of PLA
as well. After transferring, the PDMS template was
mechanically removed resulting in an array of hollow
microchambers on top of the counter substrate. More
details on the fabrication of microchambers can be
found in of our recent papers [6].

1.3. Characterization techniques

Cyclic voltammetry and application of the poten-
tial difference to the surface of microchambers were
provided using Agilent probe station PMS5 equipped
with four probes. Scanning electron microscopy
(SEM) images were obtained using a Tescan MIRA
1T LMU setup (Tescan, Czech Republic).

2. Results and discussion

In this work, two types of hollow microchambers
with a size of 10 um and a total area of the array of
1 cm? were fabricated. PLA was selected as a poly-
mer matrix to form shells of the microchambers. To
functionalize microchambers with a range of superior
properties, PLA was blended with the suspension of
SWCNT. In this regard, chloroform-based suspen-
sion of SWCNT with the length of 2.2 pm mixed
with 1% solution of PLA in chloroform was used to
prepare composite shells of microchambers with the
total content of SWCNT of 0.01 mass%. SWCNT are
widely applied as a filler of composite materials due
to a unique combination of excellent properties such
as optical, mechanical, and electrical. SEM images
demonstrated the successful formation of the micro-
chambers hollow structure for both compositions with
no significant changes in morphology caused by the
presence of SWCNT in the structure.

The electrical conductivity of the composite
microchambers was estimated via 4 probe technique.
PLA composition was found to be dielectric, while
SWCNT-based composite exhibit increased conduc-
tivity up to 5+2 S-cm™!, which indicate the dense
distribution of SWCNT over the film. This value is
comparable to the highest values of the conductiv-
ity for polymer-based composites described in the
literature.

Such a high conductivity of the film opens a
value for the opening of the chambers by thermal
treatment induced by Joule heating according to the
following equation:

0=1-U-At

The opening of the chambers was carried out as
follows: two probes were placed to the surface of the
array at the distance of 25-30 pm from each other
followed by the application of potential difference
of 1-3 V between them for 1 s. The scheme of the
experiment is shown in Figure 1.
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Fig. 1. Schematic picture of the experimental setup

It should be noted that PLA is a quite refractory
material with a melting point of 180 degrees which
makes the microchamber’s array stable in a wide
range of the temperatures. In this regard, the local
temperature on the surface of the array between
electrical probes must be above 180°C to induce the
opening of microchambers. Microchambers formed
by pure PLA film served as a control sample and po-
tential difference up to 60 V between the probes has
not been found to produce any damages in this case.
SEM images were used to evaluate the morphology
ofthe chambers before and after the application of the
voltage (Fig. 2). Figure 2 a shows the morphology of
the control microchamber array after application of
the voltage of 60 V. SEM image reveals no changes
occur. Traces of cuts on the chambers evidence the
electrodes placed over the surface. SEM images
(Fig. 2 b, ¢) show the morphology of the chambers
after application of the voltage of 3 V which led to the
electrical current between the probes of 60 pA. It can
be seen that the morphology of the chambers between
the probes loses its integrity due to the thermal effect
caused by the electrical current.

These results show in-principal possibility to use
the functionalization of microchambers by SWCNT to
make them sensitive to the electric stimuli of the low
voltage, which can be employed for the remote-con-
trolled release of the encapsulated substance. Since
the level of the electric current required for opening
of microchambers are safe for humans, and PLA and
nanotubes are widely used in biomedical problems,
it seems that this array of chambers with a similar
structure will find application as a drug depot system.

Conclusions

In this study, composite hollow microchambers
with the shells composed of PLA matrix and SWCNT
filler were successfully fabricated. PLA functional-
ized by SWCNT was found to be highly conductive
material in contrast to pure PLA. The increased

HayyHbiri otaen



A. V. Ermakov et al. Electrically Induced Opening of Composite PLA/SWCHNT Microchambm @

MOt

Fig. 2. SEM images of microchambers arrays after application of voltage: a — PLA microchambers; & — PLA-SWCNT
microchambers; ¢ — magnified image

conductivity of the material enabled Joule heating
of the material leading to significant damages of the
microchamber’s shells. SEM images revealed intense
damages of the microchamber’s shells after applica-
tion of the voltage of 3 V in contrast to the pure PLA
sample which was stable under voltage of 60 V. We
have demonstrated the in-principle possibility to in-
duce the opening of PLA-based microchambers with
high responsiveness towards electric current stimuli
by Joule heating. The developed system opens a
promising avenue for implantable delivery routes in
a number of areas related to smart coatings time and
site-specific release. We believe these results will find
application in the development of new implantable
drug depot systems in biomedicine and cosmetology.
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BbicBO60XA€HME BUONOTMYECKM aKTUBHBIX COEAMHEHMIA B TOYHO 3a-
[JaHHbI MOMEHT BpEMEHM 1 B TpebyeMOM yyacTke MOCPesCTBOM
MWKPOKOHTEHEPOB, UMMOOUIN30BaHHbIX Ha NOBEPXHOCTH, UMEET
60sbLIOe 3HAYEHWe [N MHOXECTBA 3afiad, CBA3aHHbIX C OuomMe-

INUVMHON 1 GYHKLIMOHABHBIMU NOKPLITUSMIA. B HacTosiLeli paboTe
OblnM UccnenoBaHbl MAcCMBLI MOMbIX MUKPOKamep, 06pa3oBaHHbIX
KOMMO3UTHbIMM 060/104KaM1 Ha OCHOBE MaTpuLbl U3 MONMMOIOY-
HOW KMCNOTbI W HANONHMTENS U3 OLHOCNOHBIX YrNEPOLHbIX HAHO-
TPYBOK C BbICOKOIA YyBCTBUTENIBHOCTBIO K BO3[IEMACTBIIO dNeKTpuye-
CKM TOKOM. MOHUTOPUHI MOPONOrMYECKUX 3MEHEHWIA NO3BONUN
YCTAHOBMTb 3HAYUTENbHBIE MOBPEXAEHUS 000104eK MUKPOKaMep,
00pa30BaHHbIX NPOBOASLLMM KOMMO3UTHBIM MaTepuanoM. Mokasa-
HO, 4TO HanpsixeHue 3 B 4OCTATOYHO ANS TEMIOBOrO NOBPEXAEHUS
MUKpokamep. [lJaHHOe McecnefoBaHue AEMOHCTPUPYET NMPUHLMNK-
a/bHYI0 BO3MOXHOCTb Peann3oBarb BCKPbITUE MUKPOKaMep Ha 0C-
HOBE NOMMMOJIOYHOM KUCOTbI 33 CYET NMPUMEHEHWNS TOKOB Mason
MoOLLHOCTW. Pa3paboTtaHHas cuctema OTKpPbIBAaeT MHOroo6elwaio-
LLMEe BO3MOXHOCTU AN UMMIAHTUPYEMbIX CUCTEM JOCTABKM B PSAe
obnacTeil, CBS3aHHbIX C YMHbIMM MOKPLITUSAMM 1 BbICBOOOXAEHUEM
BELLECTBA HA KOHKPETHOM Y4acTke B 3afjaHHbIi MOMEHT BPEMEHH.
Mbl nonaraem, 4T0 JaHHble Pe3ynbTaTbl HAAYT NPUMEHEHNE Npu
pa3paboTke HOBbIX MMMNAHTUPYEMbIX JIEKAPCTBEHHBIX GOPM B O10-
MEeAMNLMHE 1 KOCMETONO UK.
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