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1 Introduction

Abstract. A novel method to distribute proteins on solid surfaces is
proposed. Proteins microencapsulated in the water pool of reverse
micelles were used to coat a solid surface with well-individualized
round spots of 1 to 3 um in diameter. The number of spots per unit
area can be increased through the concentration of reverse micelles,
and networks of spots were obtained at high concentrations of large
reverse micelles. Moreover, depending on the pool size of the water
reverse micelles, proteins can be deposited far from each other or in
close proximity within the range of 50 to 70 A. This proximity ob-
tained with small reverse micelles was proved through fluorescence
lifetime imaging microscopy and fluorescence resonance energy
transfer (FLIM-FRET) measurements for the most relevant FRET pair in
cell biology studies, the cyan and yellow fluorescent proteins. This
novel procedure has several advantages and reveals the potential for
study of protein—protein interactions on solid surfaces and for devel-
oping novel biomaterials and molecular devices based on biorecog-

nition elements. © 2009 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3210770]
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lating biosensor response or cell response to solid surfaces,
which has implications for material biocompatibility. Indeed,

Protein adsorption on solid surfaces has key relevance on bio-
medicine, biotechnology, biomaterials, and biological studies
in general. It is, for instance, one of the critical factors modu-
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protein adsorption and patterning has been the object of sev-
eral studies, whether in the field of biosensors,l'2 cell adhesion
techniques,™ or microarrays.’ Useful to probe protein adsorp-
tion and patterning on solid surfaces are proteins that emit
fluorescence in the visible range, as the green fluorescent pro-
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tein (GFP) from the jellyfish Aequorea victoria and its engi-
neered colored mutants.’ They have been widely used not
only as fluorescent markers in cell biology, contributing to
visualizing dynamic processes and protein interactions inside
cells,®” but also to evaluate protein binding to solid surfaces.®

Reverse micelles or water-in-oil microemulsions are self-
forming, thermodynamically equilibrated aggregates of water
solubilized in organic solvent.” Amphiphilic molecules aggre-
gate with the polar head toward the micellar core to solubilize
spheroidal water droplets. The dynamic properties of these
systems are characterized by collision, which might lead to
fusion—fission between reverse micelles and exchange of sol-
utes between water pools. The size of water pools can be
widely varied by changing the water-to-surfactant molar ratio,
also called the W, parameter, which is directly proportional to
the size of the reverse micelles. The possibility of varying the
size of reverse micelles affects the solubilization of macro-
molecules in the water droplets. Indeed, microencapsulation
of macromolecules in reverse micelles, especially proteins,
has been used to several purposes such as enzyme catalysis,lo
microreactors for tailoring macromolecular conjugates,”
bioseparaltion,10 and protein refolding.12

In this work, we have used fluorescence lifetime imaging
microscopy combined with fluorescence resonance energy
transfer (FLIM-FRET) to characterize a novel procedure to
cluster proteins on solid surfaces. FLIM offers several advan-
tages in fluorescence imaging and opens new possibilities to
assess protein—protein interactions and protein conformational
changes, as lifetime measurements are independent of fluoro-
phore concentration, excitation intensity, and unintended
photobleaching.'® The combination of FLIM with FRET pro-
vides high spatial (nanometer) and temporal (nanosecond)
resolution when compared to intensity-based FRET imaging,
mainly because spectral bleedthrough is not an issue in FLIM-
FRET imaging. The spatial resolution limit of 200 nm under-
lying conventional microscopy can be overcome by using
FRET, allowing protein—protein interactions on surfaces to be
directly probed. We were able to show that small reverse mi-
celles can be used to cluster the cyan/yellow fluorescent pro-
tein (CFP/YFP) pair on surfaces, enabling the adequate prox-
imity to allow FRET to occur. The work is presented as
follows: (1) fluorescence lifetimes of the most common FRET
pair (CFP/YFP) were measured in aqueous solution and de-
posited on poly-L-lysine—coated coverslips to characterize
protein distribution by conventional spin-coating methodol-
ogy; (2) FPs were microencapsulated in reverse micelles, and
FLIM-FRET measurements were used to characterize protein
distribution in small (W, 5) and large (W, 20) reverse mi-
celles; (3) the reverse micellar solution containing FPs was
then deposited on coverslips, and the pattern observed in so-
lution remained on the solid surface. FPs while microencap-
sulated in the water pool of a reverse micelle were distributed
as well-individualized round spots. Interestingly, the proxim-
ity between CFP and YFP that originates FRET in solution
also leads to FRET on the coverslip, showing that clustering
of proteins on the solid surface can be controlled through the
reverse micelle size.
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2 Materials and Methods
2.1 Materials

The plasmids pECFP (3.4 Kb) and pEYFP (3.4 Kb) were
purchased from Clontech (Mountain View, California). The
sodium phosphate salts, sodium 1,4-bis(2-ethyl-1-hexyl)
sulfo-succinate (AOT) and spectroscopic grade iso-octane
were purchased from Merck (Darmstadt, Germany). The poly-
L-lysine, isopropyl thiol galactoside (IPTG), and all other
chemicals were purchased from Sigma (Saint Louis, Mis-
souri). The E. coli strain BL21 (DE3) was obtained from In-
vitrogen (Carlsbad, California). Round coverslips (22 mm,
#1) were obtained from Menzel-Glaser (Braunschweig, Ger-
many).

2.2 Production, Purification and Sample Preparation
of Fluorescent Proteins

Plasmids with the CFP or YFP coding sequence were trans-
formed into BL21 (DE3) and grown in 500 mL LB culture
medium supplemented with 100 pg/mL ampicillin at 37 °C,
250 rpm. At ODgyp=0.3, IPTG (1 mM) was added. Cells
were harvested 8 h after induction by centrifugation, ressus-
pended in 100 mM phosphate buffer (pH 8), and disrupted by
sonication. Centrifugation at 12,000 g, 4 °C, for 20 min
separates the supernatant containing the fluorescent protein
from cell debris. One protein batch of CFP was purified to
electrophoretic homogeneity using two chromatographic steps
carried out in an AKTA system. First, hydrophobic interaction
chromatography was carried out in a phenyl-sepharose fast
flow column (HiTrapTM HIC, 1 mL, GE Healthcare), and the
protein was eluted at the end of the gradient from 20% to 0%
ammonium sulphate (buffer 20 mM Tris-HCI, 1 mM EDTA,
pH 8). Second, anionic exchange chromatography was carried
out in a Resource Q column (1 mL, GE Healthcare), and the
protein was eluted at 40 to 50% of the gradient from
0 to 0.5 M NaCl (buffer 20 mM Tris-HCI, pH 7). After two
chromatographic steps, CFP was pure by biochemical stan-
dards since a single band with 27-kDa size appears in the
SDS-PAGE gel. YFP was not purified. The protein concentra-
tion was determined using the extinction coefficients of 26
X 103> M~' ecm™! at 430 nm for CFP and 84 X 10> M~! cm™!
at 514 nm for YFP."

FPs were studied in solution (100 mM phosphate buffer,
pH 7) and spread on coverslips previously coated with poly-
L-lysine (25 pg/mL). A spin coating machine (Laurell Tech-
nologies Corporation) was used to spread 100 wL of a solu-
tion containing 1 X 10> M of CFP (or CFP plus YFP) on
coverslips under controlled conditions of vacuum and cen-
trifugal force (1X 10~ moles of CFP were actually spread).
Reverse micelles at two W, values (W, is the water-in-oil
molar ratio, i.e., [H,O]/[ AOT]) were prepared by addition of
the appropriate volume of protein aqueous solution to 1 mL
of 100 mM AOT (or larger when specified) in iso-octane and
further stirred until total transparency was achieved. CFP con-
centration in the water pool of reverse micelles was 2
X107 M. FLIM images were obtained after spreading
20 uL of the reverse micellar solution on coverslips and let-
ting the isooctane evaporate, meaning that 3.6 X 1072 and
14X 107'2 moles of CFP were actually deposited from re-
verse micelles with W, 5 and 20, respectively.
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2.3 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were carried
out using a multiangle apparatus (Brookhaven Corp.)
equipped with a He-Ne laser (Model 127, Spectra Physics)
with A=632.8 nm and 35-mW power. The diffused light was
detected by a photomultiplier (placed at a fixed angle of
90 deg) and analyzed with a 136-channel correlator (Model
BI2030AT). CFP concentration in the water pool of reverse
micelles was 5X 107 M. All solutions were filtered through
Millipore filters (0.2-um pore size) of hydrophobic polytet-
rafluoroethylene (PTFE). CONTIN software was used for size
distribution information."

2.4 Steady-State Fluorescence Spectroscopy

Steady-state fluorescence measurements were performed at
room temperature in a Cary Eclipse fluorescence spectropho-
tometer from Varian. Emission spectra were recorded using a
405-nm excitation wavelength and then corrected using a
curve supplied with the instrument. Considering the CFP
quantum yield in water as 0.4 (®w),'* the refractive index of
water as 1.33 (nw),16 and the refractive index of iso-octane as
1.39 (n,,), it is possible to calculate the CFP quantum yield in
reverse micelles (®m) from:

2
m nm

WX PEXGEXCE, (1)
where /; represents the integrated intensity, and A; is the ab-
sorbance value at the excitation wavelength for CFP in re-
verse micelles (i=m) and in water (i=w).

Calculation of distances based on FRET measurements re-
quires the knowledge of the distance at which FRET is 50%
efficient (R). This distance for the CFP YFP pair in aqueous
solutions is 4.9 to 5.2 nm.*'”"® For reverse micelles, this dis-
tance was calculated taking into account small changes in
absorption and emission that may occur in reverse micelles
using the usual relationship:

o 1/6
Ry=0.2108 - lKZ-qsm-n“-f I()\)~a()\)~)\4~d)\] ,
0

2)

where ®,, is the quantum yield of CFP in reverse micelles,
e(\) is the acceptor molar absorption coefficient, #Z is the
orientation factor (considered equal to 2/3), n is the refractive
index (1.33), and N (nm) is the wavelength.

Experimental FRET efficiencies were obtained from
steady-state and lifetime measurements:

F y

E=l—ﬂ=l—ﬂ, (3)
Fp )

where Fp,, Fp, Tps and 7p are the CFP fluorescence intensi-

ties or the CFP average lifetime, respectively, in the presence

and absence of YFP.

2.5 Time-Resolved Fluorescence and FLIM
Measurements

Time-resolved fluorescence and FLIM measurements were
acquired with a Microtime 200 from Picoquant GmbH (Ber-
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lin, Germany) using the time-correlated single-photon count-
ing (TC-SPC) technique. The instrument setup includes an
inverted microscope (Olympus IX 71) and provides image
resolution up to 50 nm per pixel. The sample holder is posi-
tioned on an XY stage E-710 Digital PZT Controller with
scanning range of 100X 100 wm? with 1-nm resolution. Spa-
tial resolution of the setup was down to 220 nm as deter-
mined by using fluorescent beads from Molecular Probes.
This value is close to the diffraction limit (about half the
wavelength of the incident light). A more detailed description
of the instrument is found elsewhere,lg"21

Lifetime measurements were performed with excitation
light of 405 nm (pulsed picosecond laser diode set to
40 MHz, 0.4 mW, 54-ps pulse width) and bandpass emission
filters of 480/30 (for CFP) or 545/35 (for YFP). Detection
could use a photomultiplier tube (Picoquant, Model PMA-
182) or single-photon avalanche diodes (SPADs), depending
on the fluorescence intensity. Mostly, the photomultiplier tube
was used for measurements in solution and SPADs for mea-
surements on coverslips. Data acquisition was performed in a
PC equipped with a Timeharp 200 TC-SPC board, (Picoquant)
with 4096 channels and a time increment smaller than 40 ps.
Light from the laser beam was backscattered by the square
base of 10-mm optical path quartz fluorescence cuvette or
coverslip and was directed to the detection system to obtain
the instrumental response function (IRF).zz’23 Data analysis
was performed by deconvolution using a nonlinear least-
squares fitting program, based on the Marquardt algorithm.
The goodness of the fit was evaluated by the usual statistical
criteria and by visual inspection of the distribution of
weighted residuals and the autocorrelation function.

Average lifetimes, (), were calculated from:

(N =aym+axm, (4)

where 7; is the individual decay lifetime, and a; its respective
normalized amplitudes.

3 Results
3.1 CFP/YFP in Aqueous Solution

Time-resolved fluorescence decays were obtained for CFP and
YFP in aqueous solution, pH 7 (Fig. 1 and Table 1). CFP
displays two lifetimes and YFP a single lifetime, as described
elsewhere.'®** CFP decays can be fitted with two exponentials
even in mammalian cells.”. The introduction of a second ex-
ponential to describe the decay of YFP slightly improves the
fit (lower XZ and better autocorrelation), as also documented
elsewhere.”* However, as the amplitude of the second lifetime
is very low (<5%) and the fit improvement is not consistent
for different measurements, we have considered that YFP de-
cays according to a single lifetime. This is a reasonable ap-
proximation to the aim of our study and is well supported by
the residuals and the ) parameter (Fig. 1 and Table 1). Puri-
fication of CFP to electrophoretic homogeneity has no effect
on its fluorescence decay, showing that lifetimes of FPs are
independent of the presence of other cell fluorophores (Table
1). Those that may eventually be excited at 405 nm such as
heme proteins or flavin mononucleotides are either not fluo-
rescent or present in such low amounts compared to overex-
pressed proteins in E. coli that no interference with fluores-
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Fig. 1 CFP and YFP decays in 100 mM phosphate buffer, pH 7, and
residuals for a double (CFP) and mono exponential decay (YFP).

cence properties of FPs was detected. Therefore, all the results
shown in the following report fluorescence of unpurified
samples.

In the experimental conditions used, no FRET was de-
tected for the pair CFP/YFP in aqueous solution, as the life-
time of CFP does not decrease in the presence of YFP (Table
1). Calculations made to determine the possibility of energy
transfer in solution show that 4 mM of the acceptor YFP is
needed to detect FRET in solution,26 and the YFP concentra-
tion was increased only up to 0.1 mM in this study.

3.2 CFP/YFP Deposited on Cover Slips with Poly-L-
Lysine

FPs were spread on coverslips previously coated with poly-L-

lysine in order to promote protein adsorption. FLIM images

were acquired and show large spots of FPs with no well-

defined shape (Fig. 2). Distribution of lifetimes in these spots
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Fig. 2 FLIM images of (a) CFP and (b) CFP/YFP (1:5) spread on cov-
erslips previously coated with poly-L-lysine (PLL). The histogram of
lifetimes calculated from FLIM images is shown in (c) for CFP alone
(red line, number 1) and for two different depositions of CFP/YFP (1:5)
(blue line, number 2). Lifetime distribution for YFP is shown in black
(number 3) after deposition of CFP/YFP (1:5). (Color online only.)

is shown in the histogram of Fig. 2. CFP alone displays an
average lifetime distribution with a peak at 2.06 ns, shorter
than in aqueous solution. In the presence of YFP (ratio 1:5
CFP/YFP), the lifetime distribution can be shifted to shorter
or longer time scales, depending on the spot. This indicates
that deposition of FPs is heterogeneous as regards both shape
and proximity between CFP and YFP molecules, despite the
use of a spin-coating machine. Most probably, FRET can oc-
cur for some areas whereas it does not occur for others, de-
pending on the local concentration of YFP.

Table 1 Fluorescence lifetimes and normalized amplitudes of fluorescent proteins in solution obtained

upon deconvolution with the IRF.

7 72 (n
Proteins a (ns) ay (ns) (ns) X
CFP purified 0.59+0.01 3.51+0.02 0.41+£0.01 1.11x0.02 2.52+0.02 1.10+0.05
CFP not purified  0.66+0.02 3.47+0.08 0.34:0.02 0.99+0.07 2.62+0.11 1.06+0.05
YFP 3.16+0.03 1.24+0.00
CFP:YFP (1:5)° 0.65+0.02 3.47+0.06 0.35+0.02 1.05+0.06 2.62+0.03 1.20+0.06

“Molar ratio CFP:YFP.
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Table 2 Lifetimes and normalized amplitudes of fluorescent proteins spread on coverslips previously
coated with poly-L-lysine (PLL) upon deconvolution with the IRF.

(7

a p)
Proteins a (ns) (ns) (ns) %
CFP 0.24+0.05 3.02+0.25 0.76+0.05 1.29+0.06 2.00+0.03 1.26+0.23
YFP 0.55£0.02 2.97+0.10 0.45+0.02 0.96+0.20 2.56+0.03 1.38x0.21

CFP:YFP (1:5)°

0.27+£0.09 3.19+0.30 0.73+0.09 1.09+0.16 2.16+0.28 1.08+0.13

°Molar ratio CFP:YFP.

A fluorescence decay acquired as a point or an area mea-
surement within the spot and deconvoluted with the instru-
mental response function reveals in more detail the character-
istics of the CFP decay (Table 2). It is still a double
exponential decay, as in aqueous solution. The average life-
time is shorter compared to the value in aqueous solution due
to a decreased amplitude and lifetime of the long component.
The fluorescence decay of CFP is sensitive to its immediate
environment, and the average lifetime decreases with the in-
crease on the refractive index of the medium.”* When CFP
and YFP (ratio 1:5) were jointly spread, the average lifetime
of CFP does not change significantly, indicating no FRET.
The heterogeneity of the deposition for different spots is also
reflected on the large standard deviation observed for the av-
erage lifetime of CFP in the presence of YFP
(2.16 20.28 ns). YFP in aqueous solution decays with a
single component but when spread on PLL displays clearly
two lifetimes of the same magnitude as the ones observed for
CFP. However, the average lifetime is longer than that of CFP
due to larger amplitude of the long component.

3.3 CFP/YFP in Reverse Micelles

Decay of CFP microencapsulated in reverse micelles with a
molar ratio of water/surfactant (W,) of 5 displays two life-
times, as in aqueous solution (Fig. 3). However, the average
lifetime (1.82 ns) is shorter, as both components are shorter
than in aqueous solution. In the presence of more water, i.e.,
with a water/surfactant molar ratio of 20, CFP decay is still
double exponential, but the average lifetime increases to
2.09 ns, closer to the value observed in aqueous solution
(2.5 to 2.6 ns). Fluorescence decays of CFP at low water con-
tent systems such as reverse micelles or deposited on PLL
matrix are therefore shorter than in aqueous solution, mainly
due to a decrease in the long component. Decays of YFP
microencapsulated in reverse micelles can be fitted to double
exponentials, as observed on coverslips coated with PLL (Fig.
3). The average lifetime of YFP is shorter than in aqueous
solution, both for PLL-coated coverslips and reverse micelles,
showing that low water content leads to decreased FP life-
times, whether CFP or YFP. The same behavior was previ-
ously observed for the green fluorescent protein in reverse
micelles.”’

Regarding FRET in reverse micelles with W, 5, the long
component of CFP in the presence of YFP (ratio 1:5 CFP/
YFP) decreases, leading to a significant decrease in the aver-
age lifetime from 1.82 to 1.54 ns (Fig. 3). This clearly indi-
cates the occurrence of FRET when the pair CFP/YFP is
microencapsulated in reverse micelles with Wy 5. As ex-
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pected, the lifetime of CFP decreases more significantly with
the increase in the ratio acceptor/donor (Fig. 4). Efficiency of
FRET increases linearly with the ratio acceptor/donor, reach-
ing more than 20% at a ratio YFP/CFP of 10. Using the equa-
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Fig. 3 Decays of CFP, YFP, and CFP in the presence of YFP (CFP:YFP
molar ratio is 1:5) microencapsulated in reverse micelles of AOT with
Wy 5. Lifetimes, amplitudes, and Chi-square values shown on the
decay plot and residuals were obtained after deconvolution of the
decay with the IRF.
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Fig. 4 Steady-state (a) and time-resolved (b) FRET measurements for
the CFP/YFP pair (different molar ratios), microencapsulated in re-
verse micelles with W 5 and 20. Inset in (b): Efficiency of energy
transfer calculated from Eq. (3).

tion that relates efficiency of energy transfer with donor ac-
ceptor distance®® and the value of 4.7 nm for R, measured in
reverse micelles [Eq. (2)], the distance between CFP and YFP
was calculated. For a ratio YFP/CFP of 1 and 10, the average
distance between CFP and YFP is 7.0 and 5.6 nm, respec-
tively. FRET was confirmed through steady-state measure-
ments (Fig. 4). Interestingly, FRET occurs only in the water
pool of small reverse micelles (W, 5), as there is no decrease
in the fluorescence intensity or in the lifetime when FPs are
encapsulated in large reverse micelles (W, 20).

Dynamic light scattering was used to evaluate whether the
different size of reverse micelles explains the absence of
FRET at W,, 20. Empty reverse micelles (no protein) show a
single distribution with hydrodynamic radii larger than previ-
ously reported values®®* due to the use of nondried surfactant
and solvent (Table 3). Microencapsulation of CFP in reverse
micelles with W, 5 increases the average radius to 8 nm, as
expected due to reorganization of reverse micelles to accom-
modate the protein®* " but a single distribution is still ob-
served (Fig. 5). CFP is a cylinder with radius of around
1.6 nm and half-height of around 2.5 nm. These dimensions
justify the size of 8 nm for CFP-filled reverse micelles, which
should account for the water plus the FP volume. At W, 20,
microencapsulation of CFP results clearly in two size distri-
butions. A bimodal distribution accounting for empty and
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Fig. 5 lllustration depicting microencapsulation of CFP in reverse mi-
celles of two different sizes (W 5 and 20). Hydrodynamic radii (R},
were determined by dynamic light scattering (DLS). Microencapsula-
tion of CFP in reverse micelles with W, 5 increases the size of reverse
micelles from 5.5 to 8.0 nm, with Ry 8 nm being the weighted aver-
age size of filled and empty reverse micelles, as DLS has no resolution
to discriminate between similar sizes. Microencapsulation of CFP in
reverse micelles with W, 20 leads clearly to a two-size distribution of
empty and filled structures containing probably several CFP mol-
ecules. The shape of this large structure is undefined (shown by a
dotted line), as its size is too large in comparison to common reverse
micelles, defined as a thermodynamically stable system composed by
spherical structures under dynamic equilibrium.

protein-filled reverse micelles was also detected after mi-
croencapsulation of other proteins.”’ Some reverse micelles
remain empty, with hydrodynamic radii close to that mea-
sured in the absence of protein, but a new population of very
large reverse micelles was detected. CFP molecules microen-
capsulated in reverse micelles containing more water (W, 20)
induce the appearance of very large structures, where FP mol-
ecules are far enough apart to prevent the occurrence of
FRET.

At W, 5, CFP is sequestered in small reverse micelles. The
size of CFP-filled reverse micelles at W, 5 is not large
enough to allow simultaneous encapsulation of both CFP and
YFP. The distance between donor and acceptor calculated
from FRET efficiency also supports this statement, as the size
of filled reverse micelles cannot account for two FP molecules
separated from 5.6 to 7 nm (Fig. 5). Therefore, FRET should

Table 3 Hydrodynamic radius (Ry) at the peak of distribution of AOT
reverse micelles with no protein and with CFP as measured by dy-
namic light scattering.

RH at Wo 5q RH at Wo 20
(nm) (nm)
Empty reversed micelles 5.5+0.5 10.1£1.6 nd®
Reversed micelles with CFP 8.0+0.7 11.0£2.4 352+25

“Wo=[H,O]/[AOT].
ENot defected.
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100 mM AOT

200 mM AOT 300 mM AOT

Wo 5

Wo 20

80x80 pm

Fig. 6 Fluorescence intensity images of CFP spread on coverslips from
a reverse micellar solution with Wy 5 (upper row) and 20 (lower
row). The Wy, parameter was kept constant, but the surfactant con-
centration (AOT) was increased from 100 to 300 mM to increase the
number of spots. Small picture shows a zoom of one spot obtained
from a reverse micellar solution at W, 5 and 100 mM of surfactant.
All the figures were normalized to have the same contrast to allow
comparison of spot intensities.

result from either micelle encounter, which is diffusion lim-
ited, or micelle fusion/fission. Indeed, reverse micelles can
collide and fuse their contents temporarily,lO and transient oli-
gomerization was described. ™ Exchange rates of reverse mi-
celles are in the order of 107 to 105 M~' s~ **. This value
times the reverse micellar concentration (1.4X 1073 M for
W, 5) gives a rate constant significantly smaller than the fluo-
rescence decay rate constant, meaning that during the lifetime
of CFP, the reversed micellar system is close to static. FRET
results then from micelle proximity and/or from reverse mi-
celles caught in fusion/fission processes. At Wy 20, reverse
micelles are very large, and CFP and YFP molecules incorpo-
rated should remain quite far apart. The reverse micelle con-
centration is significantly lower, and diffusion of reverse mi-
celles must be slower, especially regarding protein-filled
reverse micelles. Therefore, the micelle proximity and fusion
does not allow the FRET process to occur.

3.4 CFP/YFP Deposited on Coverslips from a Reverse
Micellar Solution

FRET measurements used in cell biology studies reveal the
spatial distribution of CFP and YFP in the cell, which in most
of the cases grow attached to a surface. Assessment of FRET
on surfaces is thus of particular interest to the study of cell
biology, but as we showed earlier, deposition on a matrix of
PLL is heterogeneous and does not allow characterization of
the CFP/YFP pair. Since FRET was detected for this pair
microencapsulated in small reverse micelles, we have depos-
ited the reverse micellar solution on coverslips and let the
organic solvent evaporate. The spherical shape of the water
pool of a reverse micelle at W, 5 allows deposition of FPs as
round spots with well-defined contours, a diameter of around
1 to 3 wm, and well separated from each other (Fig. 6). By
keeping the W, value constant and increasing the surfactant
concentration, which is equivalent to keeping the structure
and increasing the number of reverse micelles, it is possible to
increase the number of spots on the coverslip. Probably this
increase is not linear as single spots should result from reverse
micellar coalescence upon solvent evaporation (see the fol-
lowing). At W, 20 and low concentration of reverse micelles
(100 mM of AOT), spots tend to be more diffuse since they
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result from very large micelles, as proved by the DLS data
shown earlier. Again, by increasing the number of reverse
micelles, the number of spots increases. Networks of spots
were even obtained when the number of reverse micelles is
too large (300 mM of AOT), indicating spot coalescence.
Measurements of lifetimes reveal FRET from CFP to YFP
within the spots obtained at W,, 5 (Fig. 7 and Table 4). CFP
alone display a lifetime distribution peaked at 1.96 ns. In the
presence of YFP, the peak distribution decreases to 1.74 ns,
indicating 11% of FRET efficiency and an average distance of
6.6 nm between CFP and YFP. The spherical shape of the
water pool of reverse micelles in solution remains upon depo-
sition on coverslips, sequestering CFP and YFP in microdrop-
lets that allow FRET to occur. These round spots should result
from coalescence of different water pools, as they are larger
than the diffraction limit. Fusion of water pools that allow
FRET to occur in liquid reverse micelles may be transformed
into static entities upon deposition, and the average distance
between CFP and YFP remains approximately constant
through the deposition process and solvent evaporation.
Deposition from large reverse micelles with W, 20 does not
induce FRET, as observed in solution (Table 4). Deposition of
FPs on coverslips from reverse micellar solutions reproduces
the FRET pattern observed in solution and constitutes a new
controlled way to deposit proteins on surfaces.

4 Concluding Remarks

Patterning of proteins on solid surfaces is a fundamental phe-
nomenon with implications for nanotechnology, biomaterials,
and biotechnological processes. The deposition of cyan and
yellow fluorescent protein (CFP/YFP) pairs on coverslips
from reverse micellar solutions was followed by the FLIM-
FRET technique. Coating solid surfaces with proteins mi-
croencapsulated in reverse micellar solutions is a novel pro-
cedure that allows deposition of microsized spots of proteins
retaining the physicochemical properties that exist in the wa-
ter pools of reverse micelles. The protein deposition pattern
reflects notably the size of the reverse micellar water pool.
Small reverse micelles sequester proteins in confined mi-
croenvironments, allowing their deposition in close proximity.
The FRET pattern observed in solution was reproduced and
constitutes a new controlled way to cluster proteins on sur-
faces. Large reverse micelles, on the contrary, lead to deposi-
tion of dispersed protein molecules, and no proximity was
detected by FRET. The dependence of protein proximity on
the size of reverse micelles was proved for one of the most
relevant FRET pairs in cell biology studies, the CFP/YFP pair.
FRET is probably the photophysical process mostly used to
study biological systems—namely, between interacting
partners—due to its high dependence on distance. Its impor-
tance as a tool to probe molecular cell-biomaterial interactions
has been reviewed recently.34 The novel procedure proposed
in this work to deposit proteins on solid surfaces has several
advantages. The deposition process is very fast, as the water
pools of reverse micelles are forced to settle down on the
surface by the evaporation of the solvent, overcoming two key
steps on protein adsorption: the slow diffusion of the protein
through the bulk (liquid) to the adsorbing surface and the
desorption back into the bulk.*® The density of spot distribu-
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Fig. 7 FLIM images (5 X5 um) of (a) CFP, (b) CFP:YFP (1:5), and (c) YFP spread on coverslips from a reverse micellar solution with Wy 5. The
histogram of lifetimes calculated from FLIM images is shown in (d) for CFP alone (red line, number 1), CFP:YFP (1:5) (blue line, number 2) and YFP
(black line, number 3). RGB colors were used to scale lifetimes (red for longer and blue for shorter lifetimes) with predominantly blue and green

pixels in A and B, and predominantly yellow pixels in C. (Color online only.)

tion can be controlled by changing the concentration of re-
verse micelles.

The close proximity between proteins achieved with depo-
sition of small reverse micelles might be used to study
protein—protein interactions on surfaces, yielding critical in-
formation on processes involved in many biological systems/
solid materials interactions. Clustered distribution of cell ad-
hesion ligands may, for instance, be achieved.® The
conformation of FPs was not affected through the deposition
process, and this might be crucial, as adsorption at interfaces

Table 4 Average fluorescence lifetimes of cyan and yellow fluores-
cent proteins deposited on coverslips from a reverse micellar solution
at two W, values of 5 and 20, obtained from lifetime histograms of

FLIM images.
(1) (ns)
CFP: YFP molar ratio Wo 5 Wo 20
1:0 1.96+0.02 2.42+0.08
1:5 1.74£0.05 2.40£0.06
1:5 (YFP channel) 2.23+0.05 2.43+0.05

often affects protein conformation.”’* Hydrophilic proteins
microencapsulated in reverse micelles can be included in the
water pool, protected from the denaturing effect of the surfac-
tant and organic solvent'™*® and therefore retaining their na-
tive conformation upon deposition on the solid surface. Ap-
plication of this procedure in the development of novel
molecular devices such as biosensors and biomaterials design,
where molecular proximity in well-defined areas is important,
might be another area of potential interest. It is worth men-
tioning that delivery of reversed micellar solutions to solid
surfaces can be accomplished via spot formation techniques—
namely, contact printing methods.*' In conclusion, deposition
of proteins from reverse micelles is a novel method that al-
lows patterning of solid surfaces with microsized spots, and
notably the size of reverse micelles filled with proteins con-
trols the degree of protein clustering on the solid surface.
Proximity between two proteins of around 6 nm was accom-

plished with small reverse micelles.
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