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Nanoscale, Voltage-Driven Application of Bioactive Substances onto Cells
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ABSTRACT With scanning ion conductance microscopy (SICM), a noncontact scanning probe technique, it is possible both to
obtain information about the surface topography of live cells and to apply molecules onto specific nanoscale structures. The
technique is therefore widely used to apply chemical compounds and to study the properties of molecules on the surfaces of
various cell types. The heart muscle cells, i.e., the cardiomyocytes, possess a highly elaborate, unique surface topography
including transverse-tubule (T-tubule) openings leading into a cell internal system that exclusively harbors many proteins neces-
sary for the cell’s physiological function. Here, we applied isoproterenol into these surface openings by changing the applied
voltage over the SICM nanopipette. To determine the grade of precision of our application we used finite-element simulations
to investigate how the concentration profile varies over the cell surface. We first obtained topography scans of the cardiomyo-
cytes using SICM and then determined the electrophoretic mobility of isoproterenol in a high ion solution to be —7 x 1079 m?/V s.
The simulations showed that the delivery to the T-tubule opening is highly confined to the underlying Z-groove, and especially to
the first T-tubule opening, where the concentration is ~6.5 times higher compared to on a flat surface under the same delivery
settings. Delivery to the crest, instead of the T-tubule opening, resulted in a much lower concentration, emphasizing the impor-
tance of topography in agonist delivery. In conclusion, SICM, unlike other techniques, can reliably deliver precise quantities of

compounds to the T-tubules of cardiomyocytes

INTRODUCTION

In cell physiology, increasing attention is paid to the specific
location of receptors and proteins on the highly sensitive
surface membrane of biological samples like neurons (1),
bacilli (2), platelets (3), and heart muscle cells (4,5). The
specific location of molecules on the cell surface may under-
lie differences in their activity in health, and their posi-
tioning can change under disease conditions (5). Such
differences and changes cannot be studied efficiently with,
for example, whole-cell stimulation of receptors (5) or acti-
vation of channels (6), but requires a more thorough method
of investigation. We have previously investigated the intri-
cately structured beating cells of the heart, the cardiomyo-
cytes. These cells exhibit unique structural features of
nanoscale dimension with immense importance to their
physiological function. The external topography of cardio-
myocytes can be categorized into crests and surface grooves
(Z-grooves) in which the transverse-tubule (T-tubule) open-
ings reside and protrude deep into the cell body (7). Due to
their small size and their spatial arrangement, these
T-tubules generate a highly regulated and very unique envi-
ronment for the ions needed in excitation-contraction
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coupling, the process of translating an electrical impulse
into the physiological beating response of cardiomyocytes
(8). In healthy cardiomyocytes, the T-tubule openings exclu-
sively house a plethora of receptors and ion channels
including the 32 adrenergic receptors (8,ARs), the L-type
Ca*" channels, and the Na'/Ca®>" exchanger, which are
vital for cardiomyocyte function (5). The 8,ARs can be acti-
vated by adrenaline or its chemical analog, isoproterenol (9).
Scanning ion conductance microscopy (SICM) (10) is a
noncontact scanning technique (11), which has often been
used to investigate the nanoscale structure of the surface of
live cells (3—5). This is achieved by measuring the ion current
between an electrode inside the nanopipette and an electrode
in the surrounding bath solution (11). The SICM nanopipette
can furthermore be used to apply chemical agonists onto
different surface structures of the sample with high precision
(5). Our group have previously used air pressure to displace
the electrolyte solution in the nanopipette for such applica-
tion (5). However, during the relatively slow air-pressure ap-
plications, the nanopipette can be blocked. Hence, our group
sought a faster and more reliable method of application. This
could be achieved by switching the direction of the electrical
current applied over the nanopipette and using this to deliver
the agonist (12,13). However, the amplitude (amount of mol-
ecules being delivered) and precision of this application
method have not been investigated. This knowledge is vital
for interpreting the results obtained from delivery
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experiments correctly, as well as for future research avenues
that SICM could open up. No other technique to our knowl-
edge holds as much promise for the investigation and manip-
ulation of small and precise structures such as, for instance, a
single T-tubule. Hence, the aim of this work is to use finite-
element simulations to quantify the delivery of isoproterenol
to heart cell structures.

MATERIALS AND METHODS

Cardiomyocytes were plated on a dish and perfused with a physiological
(pH 7.3) electrolyte solution (144 mM NaCl, 5 mM KCl, and 1 mM
MgCly,; see the Supporting Material for details on the preparation of the
cells). After acquiring the surface topography with SICM, the nanopipette,
prefilled with 50 uM Isoproterenol, was directed over a T-tubule opening.
Then the electrical holding potential of —200 mV was changed
to +400 mV to expel the chemical agonist by electroosmotic forces. The
electroosmotic drift velocity is independent of the charge of the molecules
in solution and arises from mobile cations in the electric double layer next
to the pipette wall. For the negatively charged glass wall we use a value for
the electroosmotic mobility, peo, of 1.4 X 1078 m¥/v s, which approxi-
mately corresponds to the value in an electrolyte solution with 150 mM
Na™ (13). This will in turn give rise to a convective liquid flow in the direc-
tion of the electric field. However, since isoproterenol is negatively charged,
the delivery will be counteracted by an electrophoretic drift component
(14). The electrophoretic mobility, ., of isoproterenol was measured in
the aforementioned electrolyte solution at 25°C using phase analysis light
scattering (PALS), with a NanoBrook ZetaPALS (Brookhaven Instruments,
Stockport, United Kingdom). From the Smoluchowski drift-diffusion equa-
tion, this resulted in an average value of —7 x 10™° = 0.2 x 10~° m*/V s
(mean value *+ 1 SD).

The molecular flow rate out of the pipette, corresponding to the number
of molecules of Isoproteronol leaving the pipette per second, can be shown
to be approximately given by (13)

Ot = Co(tep + Heo) TRy tan(8) AW, (1)

where ¢ is the concentration of molecules in the bulk of the pipette, Ry is
the inner tip radius of the pipette, ¢ is the inner half-cone angle, and AW is
the voltage drop over the pipette. When the molecules leave the pipette they
will be rapidly diluted due to diffusion. It can be shown that for a flat sur-
face, the concentration at distances of R = (x> + y* + (z — h)A)* >> R,
from the tip of the pipette at (0,0,z = &) approximately varies according to
the expression given by

e(x,y)=co (Z—exp (— Ot / (47“'0D m) )
_ exp( Qm/(4m0D\/;+y2+(—z+h)2)>>’

(@)

where D is the diffusivity of the molecules and 4 is the distance between the
tip of the pipette and the surface. When ¢ << ¢y, Eq. 2 simplifies to the
expression on the flat surface at z = 0:

(Mep + Heo)Ro tan(6) AW
D\/X>+ 2+ I2 ’

3

C(xa)’):co

The concentration thus scales approximately inversely with the distance to
the point (0,0) and increases linearly with the radius of the pipette tip and
the applied voltage. However, it is not known what the magnitude of the
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concentration outside the pipette will be, and how the concentration profile
will look, when the surface is not flat. To investigate this, we first
measured the topography of typical cardiomyocyte surface structures us-
ing SICM. From the obtained surface scans (Fig. 1), the number of T-tu-
bule openings and Z-grooves on the cardiomyocytes was determined and
averaged to obtain the necessary parameters for the simulation geometry
(Fig. 2). Finite-element simulations using the program COMSOL Multi-
physics 5.0 (COMSOL, Burlington, MA) were performed to estimate
the delivered amount of Isoproterenol, using the parameter values in
Table 1. Additional information about the details of the numerical simula-
tions and on the mathematical boundary conditions can be found in the
Supporting Material.

RESULTS

Under experimental conditions the $,AR-dependent second
messenger signal in the cardiomyocytes only changed when
isoproterenol was applied into the T-tubule opening on the
cell surface and not on the crest area between the Z-grooves,
as can be seen in Fig. 1, B and C (a detailed description of
the SICM and the 3,AR-dependent second messenger signal
measurements are given in the Supporting Material). To es-
timate the amount of isoproterenol delivered, we used finite-
element simulations to establish the approximate amount of
the molecule isoproterenol being delivered from a nanopip-
ette to underlying cardiomyocyte structures and determined
the delivered concentration profile over the highly struc-
tured heart cell surfaces. To define the parameters of the
model, we determined a representative model of the cell sur-
face, the pipette dimensions, and the ligand’s electropho-
retic mobility.

The diameter of the T-tubule opening at the primary
application site was measured to be ~400 nm. Based on
the aforementioned values, a representative model of
healthy cardiomyocytes was constructed from the SICM im-
ages (Figs. 1 A and 2). The simulation geometry consists of
a 10 um® cube with parts subtracted to construct

1) grooves 0.4 um wide and 1 um high along the y-direc-
tion, spaced 2 um apart;

2) grooves 0.4 um wide and 0.25 um high in the x-direc-
tion, spaced 2 um apart; and

3) a pipette with an inner tip radius of 50 nm, an outer
radius of 100 nm, and an inner half-cone angle of 3°.

The simulated concentration outside the pipette when
delivering with a voltage of 400 mV is shown in Fig. 3
together with the situation when delivering with AW =
—200 mV. For the positive delivery voltage 7 x 10° mole-
cules/s of isoproterenol are leaving the pipette, which is in
good agreement with the predicted value from Eq. 1.
Thus, approximately the same amount of isoproterenol is
leaving the pipette when delivering into the Z-groove as
when delivering to a flat surface, which is the case as long
as the flow resistance outside the pipette is smaller than
the flow resistance in the interior of the pipette (12). How-
ever, the concentration profiles outside the pipette will be
different for the two cases, as discussed below. There is
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also a flow of molecules out of the pipette due to diffusion
when applying AW = —200 mV. This value is ~5 x 10*
molecules/s, which is an order of magnitude lower than
the value at AW = 400 mV, but is not zero. It can therefore
be advisable to withdraw the pipette from the sample be-
tween delivery time points to avoid excessive delivery,
and thus stimulus, of the cardiomyocytes. Note also, that
the concentration in the bulk of the pipette is 50 uM, but
that the color scale in Fig. 3 is between 0 and 5 uM to better
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FIGURE 2 The geometry used in the finite-element simulations of a car-
diomyocyte. (A) The simulation geometry consists of a cube with a side
length of 10 um, in which parts have been subtracted to make up the Z-
grooves and T-tubule openings as well as the pipette. (B) A zoom-in of
the yz-plane at x = 0 together with dimensions of the simulation geometry.
(C) A zoom-in of the xz-plane at y = 0 together with dimensions of the
simulation geometry. The pipette has an inner tip radius of 50 nm, an outer
tip radius of 100 nm, and an inner half-cone angle of 3°. All distances are
given in micrometers.

visualize the concentration profile outside the pipette.
Details about the finite-element simulations are given in
the Supporting Material.

The molecular flow of isoproterenol is initially guided
along the groove at x = 0 in the y-direction. The concentra-
tion along the lower edge at x = 0 and the lower edge at y =
0 is shown in Fig. 3 D, where the concentration is also
compared to the corresponding value for a flat surface,
h = 0.5 um below the pipette, using the theoretical expres-
sions in Eqs. 1 and 2. The distance is given as the value of y
for the edge at x = 0 and as the value of x for the edge at
y =0.

The concentration at the T-tubule opening at (x, y, 7) =
(0, 0, 0) is ~3.5 uM, which is ~6.5 times higher than the con-
centration for a flat surface at the same distance to the
pipette. The reason for this behavior is that the molecules
are initially limited to diffusion along the length of the

TABLE 1 Parameters and Values for Modeling the Delivery of

Isoproterenol

Name Description Value

Ry inner tip radius 50 nm

Ry outer tip radius 100 nm

0 inner half-cone angle 3°

h pipette-surface distance 500 nm

D diffusivity of ISO (15) 6.7 x 1071 m%/s

Htep electrophoretic mobility of ISO ~7x107°m*Vs
Meo electroosmotic mobility in the pipette (13) 1.4 x 108 m*Vs
co concentration of ISO inside the pipette 50 uM

AW applied voltage over the pipette 400 mV

ISO, isoproterenol.
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FIGURE 3 Delivery of isoproterenol to a T-tubule opening. (A) 3D image
showing the simulated concentration of isoproterenol when delivering with
AW = 400 mV. The concentration in the bulk of the pipette is 50 uM.
(B and C) 2D zoom-in at the plane x = 0 showing the concentration distri-
bution at AW =400 mV and —200 mV, respectively. (D) Line profiles of the
concentration at A® = 400 mV along the lower edge atx = 0 (blue) and y =
0 (red) as a function of the distances y and x, respectively, from the point (x,
¥, 2) = (0, 0, 0). The black line is the corresponding value for a flat surface at
z = 0 using Egs. 1 and 2. To see this figure in color, go online.

Z-groove, which results in a slower decrease of the concen-
tration in this direction. At larger distances, the molecules
start to diffuse in all directions again and the concentration
approaches that of a flat surface. In fact, the concentration at
the T-tubule opening in the second groove at (x, y, z) =
(2 um, 0, 0) is only ~10% different from the value for a
flat surface. This value is ~30 times lower than the concen-
tration at the T-tubule opening at (x, y, z) = (0, 0, 0). The
concentration for the second T-tubule opening in the groove
at (x, y, z) = (0, 2 um, 0) is higher due to the guiding effect
of the groove, but it is still ~15 times lower compared to the
concentration over the first opening (at x = y = 0), indi-
cating that the delivery is mainly limited to the T-tubule
opening beneath the pipette. Another possibility is that the
Z-groove focuses the flow out of the pipette, and that this ef-
fect is causing the increase in concentration at the underly-
ing T-tubule opening. However, we have previously
observed that the concentration profile outside nanopipettes,
at a distance larger than one pipette radius from the tip, is
generally dominated by diffusion and that the convective
term here, as a first approximation, can be neglected (13).
This was found also to be true for delivery to a Z-groove,
since setting the convective term equal to zero outside the
pipette only resulted in a 20% drop in the concentration at
the T-tubule opening, significantly less than the 6.5 times
decrease when delivering to a flat surface.

When instead delivering to the crest between the open-
ings (x =y = 1 umin Fig. 2), h = 500 nm above the surface,
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the concentration in the nearest T-tubule is ~20 times lower
compared to when delivering directly to the T-tubule
(Fig. 4). This is well in line with the observation that there
is a response only if delivering agonist to the T-tubule open-
ing and not to the crest, as shown in Fig. 1, B and C.

The concentration profile will change for different values
of the parameters in Table 1, but will approximately scale
with AW, R, (assuming R, = 2Ry), 0, D, and u., according
to the expression in Eq. 3 when ¢ << ¢ (see Fig. S3). For
example, for a pipette with a 20% larger radius the concen-
tration will be 20% larger if all other parameters are kept
constant and, similarly, the concentration will scale roughly
linearly with the applied voltage under the condition that
¢ << co. Simulations were also made where the distance be-
tween the tip of the pipette and the T-tubule opening, &, was
varied, but otherwise under the same conditions as summa-
rized in Table 1. The results from these simulations are
shown in Fig. S4, indicating that the difference in concentra-
tion at the T-tubule opening, compared to delivery onto a flat
surface, is largest when the pipette is close to the T-tubule
opening. When the pipette retracts further from the
Z-groove, the concentration profile approaches that for de-
livery to a flat surface. A COMSOL Multiphysics 5.0 file
of the simulations described in this work is included in the
Supporting Materials.

The charge distribution from an electrical double layer
close to the walls of the pipette has so far been neglected in
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FIGURE 4 Delivery of isoproterenol to the crest between T-tubule open-
ings. (A) 3D image showing the concentration of isoproterenol when deliv-
ering with AW = 400 mV. The concentration in the bulk of the pipette is
50 uM. (B and C) 2D zoom-in at the plane x = 1 um showing the concen-
tration distribution at A®¥ = 400 mV and AW = —200 mV, respectively.
(D) Line profiles of the concentration along the lower edge at x = 1 um
(blue) and y = 1 um (red) as a function of the distances y and x, respectively,
from the point (x, y, z) = (1, 1, 1) um. The black line is the corresponding
value for a flat surface using Eqs. 1 and 2 (relative to the point (1, 1, 1) um).
To see this figure in color, go online.
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the simulations of the electric field. However, for small nano-
pipettes this can give rise to a significant change in both the
electric field and the electroosmotic flow through the pipette
(17). Additional simulations were therefore made to investi-
gate this effect on the current system, where the concentra-
tion of Na™ and CI in the nanopipette was simulated and
used as the charge distribution for the electric field simula-
tions in the nanopipette. COMSOL Multiphysics was again
used for this following the procedure outlined by Ivanov
et al. (17). The dimensions of the pipette are given in Table
| and the size of the simulation geometry was scaled up by
a factor of 4 to take into account the larger pipette size
compared to the nanopipettes used by Ivanov et al. Only
the situation with a pipette far from the underlying surface
was investigated, which was considered adequate to obtain
an estimate of how the electric field at the tip of the pipette
and the total osmotic flow are affected by the electrical dou-
ble layer. For the pipette walls, a surface charge of o =
—18 mC/m* was assumed (corresponding to a { potential
of { = —20mV (17)), which gives an electroosmotic mobility
of 1.4 x 10~®m?V s. The concentration of Na* and CI~ was
setto 150 mM, and the diffusivities of Na™ and C1~ used were
Dna™ = 1.33 x 1072 m%s and D¢- = 2.03 x 1072 m?/s,
respectively (18). Under these conditions, only modest dif-
ferences in the electroosmotic flow out of the pipette
were found. The total electroosmotic flow rate out of the
pipette deviated by <2% when including the effect of
the electrical double layer, and the deviation in the electric
field in the z-direction, along the axis of the pipette, was
<10%. Thus, for the current situation, where the inner
tip radius of the nanopipette is ~60 times larger than the
Debye length at the salt concentration used, the effect of
the electrical double layer on the electric field is only mi-
nor. However, this effect might be more pronounced for
smaller pipettes, or when using low salt concentrations.

Our results show that delivery to a single opening on the
cell surface can be made repeatedly and reliably, but also
that the effect of the topography on the delivery can be sig-
nificant. This is of special importance in the unique case of
cardiomyocytes, as their structures hold the key to their
proper physiological function.

DISCUSSION

An increasing number of investigations highlight the impor-
tance of compartment-specific signaling of this cell type,
and investigation and manipulation of single compartments
will become crucial for fully understanding their physiolog-
ical and pathophysiological regulation. So far, to our knowl-
edge, SICM is the only method that enables us to perform
noninvasive experiments that are as localized as a single
T-tubule opening. The analytical verification of the applica-
tion method presented here encourages a range of further
local application experiments. The technique allows for de-
livery of essentially any compound to multiple structured
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cell types with a precision determined by the pipette dimen-
sions and the potential compound charge. In the case of car-
diology, this concept could be applied to delivering
fluorescent dyes and investigating diffusion dynamics
within the T-tubule network, delivering universal and spe-
cific agonists as well as ions, for example, Ca®" to monitor
induced Ca®" release. The concept could also be expanded
to local application after membrane sealing by the nanopip-
ette, which would avoid diffusion of the agonist into the
extracellular space and lead to higher concentrations at the
structure. Therefore, we present a universal approach to
quantify local application and to adjust such parameters as
precision, speed, and ultimately concentration through
modulating the current and pipette structure, which prom-
ises to yield important data in cardiology and beyond.

CONCLUSION

Even though the simulations presented here were for the
specific case of isoproterenol delivery to cardiomyocytes,
we propose that they can also be applied and made useful
for other cell types and agonist delivery applications, as
they allow the quantification, and possible optimization, of
application processes that deal with nanoscale structures
that evade experimental determination.

SUPPORTING MATERIAL

Supporting Materials and Methods, four figures, and one table are available at
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