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In vivo characterization of protein uptake by yeast cell
envelope: single cell AFM imaging and m-tip-enhanced
Raman scattering study†
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Direct detection of biological transformations of single living cells in vivo has been performed by the
advanced combination of local topographic imaging by Atomic Force Microscopy (AFM) and label-free
sub-surface chemical characterization using new m-Tip-Enhanced Raman Spectroscopy (m-TERS). The
enhancing mechanism for m-TERS tips with micrometre range radius diﬀers signiﬁcantly to that of the
conventional tapered structures terminated by a sharp apex and conditioned by the eﬀects of
propagating instead of localizing surface plasmon resonance phenomena. Sub-wavelength light
conﬁnement in the form of a nonradiative evanescent wave near the tip surface with penetration depth
in the sub-micrometre range opens the way for monitoring of subsurface processes near or within the
cell wall, inaccessible by other methods. The eﬃciency of the approach has been demonstrated by the
analysis of the cell envelope of genetically modiﬁed (by glucose dehydrogenase (GDH) gene bearing
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Kluyveromyces lactis toxin signal sequence) yeast cells enriched by GDH protein. The presence of transmembrane fragments in GDH together with the tendency to form active dimers and tetramers causes
the accumulation of the proteins within the periplasmic space. These results demonstrate that the
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advanced combination of AFM imaging and subsurface chemical characterization by the novel m-TERS
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technique provides a new analytical tool for the investigation of single living cells in vivo.

Introduction
Micro- and nano-local optical characterization of animate
nature (e.g. cells, tissues, animalcular organisms etc.) can be
eﬃciently used to see the details of living matter in vivo.1,2 The
most important advantage of the optical technique is the ability
to perform longitudinal studies of living beings to identify and
characterize biological processes in their unperturbed natural
conditions. Indeed, the on-line monitoring of the biochemical
status of single living cells represents the ultimate limit in cell
biology; one can obtain insight into a biochemical status of an
individual cell and monitor its changes without resorting to
ensemble averages.
Classical bio-optical approaches based on infrared absorption, various Raman scattering and uorescence techniques etc.
are of fundamental importance in exploring the physical and
chemical properties of biological samples for functional
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visualization.3,4 However, in order to resolve the design of the
functional cellular substructures, in situ optical elds have to be
conned to the same scale in order to obtain suﬃciently high
1D, 2D or 3D resolution to perform the corresponding local
subsurface, surface or spatial chemical characterization.5
A major challenge for identication and local chemical
characterization of subcellular components is how to deliver
and concentrate light from the micron-scale into the nano-scale
in a given area of space. Light cannot be guided, by conventional mechanisms, with optical beam sizes signicantly
smaller than its wavelength due to the diﬀraction limit. To some
extent, this problem was solved by developing the Scanning
Near-eld Optical Microscopy (SNOM) where a Scanning Probe
Microscope (SPM) serves as a suitable tool for spatial nanopositioning and connement of a light source to an aperture
realizing the near-eld optical readout. However both SPM and
SNOM generally lack the ability to perform label-free chemical
characterization of the materials.6
A practical implementation of local aperture-less optical
spectroscopy with ultrahigh spatial resolution, so-called TipEnhanced Raman Spectroscopy (TERS), has become possible by
combining vibrating optical spectroscopy and scanning probe
microscopy.7–10 This possibility of local targeting of the Raman
scattering eﬀect is pushing optical spectroscopy to the nanoscale. To obtain ultimate lateral optical resolution, TERS uses
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strongly localized eld enhancement, where this enhanced
interaction volume acts as an excitation source. This is particularly critical for the Raman eﬀect that, as an inelastic scattering process, is weak, so the concentration of the optical
energy and additional scattering enhancement is necessary for
sensitive enough optical readout.
An enhancement of Raman signals can be implemented by
magnication of the incident electromagnetic eld, amplication of Raman scattering emission and direct modication of
the scattering process itself, producing an eﬀectively larger
cross-section than would occur from the molecule alone
(“chemical”11,12 enhancement or “gradient-eld Raman”13,14
eﬀect). The rst two mechanisms usually refer to electromagnetic origin: for a molecule nearby on the nano-sized “antenna”,
its Raman scattering eld is enhanced in the same way as is the
incident laser eld.15 Therefore, the incident and scattered
elds increase by about the same amount, and the Raman
signal scales roughly with the fourth power of the local optical
eld enhancement.11 Enhancement is particularly strong when
both incident and scattered elds are in resonance with the
electromagnetic excitations in “antenna”.16 However, if the
distance from an “antenna” is increasing, the resonance
conditions have been broken, and processes of Raman scattering enhancement become additive rather than resonance.
The large enhancement of local electromagnetic elds can
be realized on the surface of Drude metals (e.g. gold, silver, etc.).
Spatial connement of light can be implemented by (i) generation of propagating surface plasmon resonance (surface
localization),17,18 (ii) excitation of localized surface plasmon
resonance (localization near the nanostructure),19,20 (iii) as the
result of the constructive interference etc. of the elds from (i)
and (ii) (“hot spots”) as well as (iv) the result of pure geometric
phenomena related to eld lines crowding near sharp tips,
narrow gaps etc. (“lighting rod eﬀect”21). For the metal SPM tip,
a typical way to concentrate optical energy and enhance the
electric eld around it is to conne light in the form of an
evanescent wave using a plasmonic taper.22
A surface plasmon polariton (SPP) is an electromagnetic
excitation (surface wave) existing on the surface of Drude
materials.18,23 It is an intrinsically two-dimensional excitation
whose electromagnetic eld decays exponentially with distance
from the surface. SPPs can propagate, scatter, interfere, and
localize etc. depending on both local (nanometre scale24) as well
as macro (micrometer scale25) characteristics of the surface
prole.26,27 Focusing of light into very small volumes beyond the
diﬀraction limit can be achieved by exploiting the wavelength
scalability of surface plasmon polaritons.28,29 One of the
simplest ways to achieve focusing of SPP is based on using
tapered metallic structures (e.g. tapered metal rods etc.) guiding
SPP modes; by slowing down an optical wave and shrinking its
wavelength during its propagation, optical energy can be
compressed and concentrated down to the nanometre scale.29–31
Besides the classical TERS with sharp tips, focusing of SPPs by a
spherical or otherwise curved metal surface whose sizes are
approximately that of the light wavelength are attractive for the
design of sensing probes with 1D subsurface nanoscale resolution in the direction along the tip axis. This structure is shown
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to combine the benets of focusing due to SPP annular propagation towards the tip of the hemisphere25,32 etc. and potential
of propagating surface plasmon resonance eﬀects.18,33,34 Moreover, the mass production of reproducible m-TERS tips can be
easily realized by using the equipment of classical microelectronic technologies that open the way to overcoming the
bottleneck in the wide application of the technology.
The focusing mechanism for m-TERS tips with micrometer
range radius diﬀers signicantly to the conventional tapered
structures terminated by a sharp tip.28–31,35,36 Indeed, due to the
large radius of curvature of the probe termination (up to mm
range), the SPP may propagate continuously along the tip
surface and then back in the opposite direction with relatively
low radiation loss. This is in contrast to the classical nanofocusing tapered structures where the very small radius of
curvature at the tip (5 to 20 nm) results in signicant accumulation of optical energy at the tip: the SPPs are slowed down
and adiabatically stopped at the apex depositing a signicant
fraction of their energy to the tip. Contrary to that, the SPP
propagation along the curved metal surface with diameters
approximately that of the light wavelength or larger, seem
similar to the situation at the at metal surface. In this case the
electromagnetic energy is compressed in the area occupied by
the nonradiative evanescent wave in dielectric that can be
modulated by the interference at the tip apex.25 It is reasonable
to note that physical mechanisms of light localization are
similar for both inhomogeneous plane Zenneck waves and axial
symmetrical Sommerfeld–Goubau waves at the at and cylindrical metal surfaces respectively.37
The local eld enhancement can be signicantly reduced by
radiative losses. The radiation eﬀect of the SPP focusing is
dependent on the radius of curvature; the SPP is nonradiative at
the “ideal at” (roughness less) surface,18 SPP propagation
around bends at metal–dielectric interfaces can generate some
additional curvature induced radiation,25,38,39 whereas signicant
radiative loss is observed only at corners etc.35,36 For example,
typical radiation losses of SPPs owing to surface roughness (root
mean square value above 1 nm) of the thin polycrystalline gold
lms are greater than 2–3% of the incident beam.40,41
Both the spatial resolution and enhancement factor of TERS
have been determined by the region at the apex of the tip. The
enhancement factor of the Raman scattering from an object
near the sharp tip (usually with radius less than 20 nm) is oen
107, or more.42 Some of the best resolutions reported were
obtained for carbon nanotubes (10 nm with tips of 10–15 nm
radius)43,44 and laser dyes (15 nm with a 20 nm radius tip)45,46
etc. which have high Raman scattering cross-sections. The
penetration depth of the electromagnetic eld into the medium
below the sharp tip apex of 10–20 nm radius is less than a few
tens of nanometers,10,47,48 so subsurface imaging is impossible.
However, with the increase of the tip radius the region of space
occupied by the evanescent wave is extended up to the order of
the wavelength on a at surface.18,49,50 And whilst the intensity of
the electromagnetic eld, the resolution and the eld
enhancement at the tip apex is reduced, it nevertheless provides
the possibility to extend the TERS approach to a new class of
biological problems.
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Despite the signicant benets of the classic high-resolution
TERS methods, the solution of many biological problems
requires a much smaller spatial resolution in some directions
due to the peculiarities inherent to living things qua living
things. As an example we refer to the fast degradation of biological membranes under illumination51 resulting in the
requirement to use only small-intensity laser beams for the
analysis of single living cells. With regards to the quite low
cross-section of the Raman processes, the signal that can be
detected by standard diﬀraction-limited optics in the far eld is
relatively weak; so, long acquisition times are required. As most
of the membrane structures are not xed and move on the
surface of cells—a typical speed for a membrane phospholipid
is 2 mm per second52—local chemical analysis of living cells is
ambiguous in many cases. An additional factor is the natural
vibration of the cell membrane, which determines the feasibility of statistically correct spatial averaging of space-dependent processes or cells’ mechanical xation. Moreover, features
of the spatial modulation of the SPM probe can also give rise to
certain spatial ambiguity. For example, the displacement of the
tip glued to the piezoelectric tuning fork actuators (as probes in
shear force SPM mode) may reach the sub-micrometer range
during vibrations.53 The latter eﬀect also determines the need
for spatial averaging within the measurement area to obtain a
statistically correct result. m-TERS technology with relatively low
lateral resolution determined by the tip geometry provides this
averaging in a natural way. In other words, contrary to the highresolution TERS with maximum scope restricted roughly54 by
R  R  R (R is the tip radius in nanometer range), in the m-TERS
we can highlight the volume with R  R  l in size (l is the light
wavelength, R in sub-micrometer range). So, instead of the
ultimate 3D resolution we obtain the techniques for the 1D
analysis of buried nanoscale features with the possibility to
control the penetration depth of the evanescent wave inside the
object volume by the changing the tip–surface distance d.
The characterization of subsurface features poses a challenge for the monitoring of membrane related process, especially in the case of the relatively thick cell walls with a thickness
greater than 100 nm (yeasts, plant cells etc.). The ability to
access and characterize buried molecular structures holds great
promise in applications such as the detection of protein–
membrane interactions, protein localization or membrane
related transport.
In the present work we discuss the biochemical and topographical changes in the yeast cell envelope induced by genetic
modication. To perform the nanoscale topographical analysis
of single living cells we used Atomic Force Microscopy (AFM)
imaging, whereas the cell envelope specic chemical analysis is
performed by m-tip-enhanced Raman scattering spectroscopy
(m-TERS). The utility of the approach is exemplied by the
detection of glucose dehydrogenase (GDH) protein accumulation in the cell envelope of genetically modied Saccharomyces
cerevisiae yeast cells, one of the most extensively studied model
eukaryotic organisms.
The paper is organized as follows: it begins by discussing the
methodological aspects of the m-TERS spectroscopy measurements, a cell modication protocol, experimental setups, tip
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preparation etc. This is followed by a detailed analysis of our
experimental data and peculiarities of the cell biochemistry and
morphology induced by genetic modication obtained by AFM
imaging, conventional confocal m-Raman and m-TERS spectroscopies. Finally, the mechanism of GDH accumulation by the
cell envelope is discussed.

Materials and methods
Yeast cell modication
The yeast secretion plasmid pYEsec1-GDH (Fig. 1), bearing
Acinetobacter calcoaceticus glucose dehydrogenase gene (GenBank accession number GC657400.1) was obtained by the
insertion of a GDH sequence into the pYEsec1 plasmid55
downstream of the GAL-CYC1 promoter and in frame with
Kluyveromyces lactis toxin signal sequence (for secretion of the
GDH into extracellular media). For this purpose, GDH was PCRamplied from bacterial plasmid pAI3-PT15 (Patent no.
WO2004099399) by forward primer GDH secFw 50 -GCATGGA
TCCAATAAACATTTATTGGC-30 and reverse primer GDH abRw 50 AACACGGTCTCAGCGCTCTGAGCTTTATATG-30 , cut by BamHI
and PstI restriction enzymes and ligated to the receiving vector
pYEsec1.56
General procedures for the construction and analysis of
recombinant DNAs were performed according to ref. 57.
Restriction enzymes (BamHI, PstI), T4 DNA ligase, bacterial
alkaline phosphatase, Pfu DNA polymerase and DNA size
marker (GeneRuler DNA Ladder mix) were purchased from
Fermentas (Vilnius, Lithuania) and used following the manufacturer's recommendations.
The E. coli strain DH5a (F (f80dD(lacZ)M15) recA1 endA1
gyrA96 thi1 hsdR17 (rkmk+) supE44 relA1 deoR D(lacZYA-argF)U169)58 was used in cloning experiments, plasmid isolation and
maintenance. The transformation of E. coli was carried out
using calcium chloride method or electroporation.59
Plasmid DNAs were isolated by the alkaline lysis method60
and column-puried according to manufacturer's recommendations (Fermentas, Vilnius, Lithuania).

Fig. 1 Principal scheme of pYEsec1-GDH plasmid (left) and sample preparation
(right). URA3, Leu2-d – genetic markers; 2mkm – sequence originated from 2 m
plasmid of S. cerevisiae; ApR – gene for b-lactamase; ori – pMB1 replication origin;
GAL-CYC1 – galactose inducible promoter; f1 – f1 bacteriophage replication
origin; GDH – glucose dehydrogenase gene; Fw and Rw – marked forward and
reverse primers; BamHI, PstI – restriction endonuclease sites.
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For the expression of GDH construct, S. cerevisiae strain
21PMR (MATaleu2ura3-52) was used (kindly provided by
Dr T. Jokantaite). The transformation of Saccharomyces cerevisiae strains was performed following the LiAc/PEG method61
and the transformants were selected by complementation of
URA3 auxotrophy. The media for propagation of S. cerevisiae
yeast, as well as standard genetic techniques have been
described in ref. 59.
For the purpose of GDH protein purication, the yeast cells
were harvested by centrifugation (3000 g) at 4  C for 10 min; the
resultant biomass (1 g) was re-suspended in 2 ml of A buﬀer
(50 mM Tris–HCl, pH 8.5) and ground using liquid nitrogen.
The cell extract (cytoplasmic fraction) was cleared by centrifugation (11 000 g) at 4  C for 15 min. The sediments (membrane
fraction) were dissolved by suspending and incubating them in
A buﬀer with 1% Triton X-100 at 4  C for 1 h. The protein
purication was performed by ion-exchange chromatography
on a CM-cellulose column according to the manufacturer's
instruction (GE Healthcare) and dialysis against PBS buﬀer. The
concentration and purity of proteins were estimated by densitometric analysis of samples run on 15% SDS-PAGE; the gels
were visualized using Coomassie Brilliant Blue. The specic
activity of GDH (U ml1) was determined in a crude yeast extract
and in cytoplasmic or membrane fractions by measuring the
decrease in DCIP absorbance at 600 nm.
Sample preparation
The wild type (21PMR) and genetically modied (21PMR-[pYEsec1-GDH ]) S. cerevisiae yeast strains were grown onto YPG agar
(1% yeast extract, 2% peptone, 3% galactose, 2% agar) plates for
24 h at 30  C. For the preparation of samples for AFM and
Raman spectroscopic measurements, the agar-grown cells were
transferred onto sterilized 50  24  0.17 mm3 (Carl Roth,
Germany) cover slips and kept in a Petri dish for 1–2 hours prior
to imaging. We did not use any coating on the slide glass to
immobilize the cells nor any additional mechanical or chemical
xation. For the transfer of the cells the cover slip was placed on
the colony's upper side and carefully removed with usually
monolayers of the cells on the glass. This procedure preserves
the natural conditions for yeast cell growth since S. cerevisiae
yeast reproduce, as a rule, on the surface of solid or liquid
media. It is well known that a yeast population demonstrates
the ability of thermoresistance in the range from 12  C up to
40  C.62,63 This is due to the adaptive activity of the cells’
chemosmotic system which allows for maintaining a high
reproduction rate in yeast when the ambient temperature is
changing over a relatively wide temperature range. In line with
that, all experiments were performed at room temperature (20 
2  C) without additional thermo stabilization.
Atomic force microscopy measurements
Cells were characterized by AFM (NTEGRA Spectra system, NTMDT Inc., Russia) in an ‘upright’ conguration in the tapping
mode using commercial silicon cantilevers NSG11 with a force
constant of 5 N m1 (for topography images) at a scan rate of
typically 1 Hz or in the contact mode using CSG10 cantilevers
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with a force constant of 0.1 N m1 (for characterization of
membrane elastic properties).
m-Tip enhanced Raman spectroscopy
Two frequently used techniques for the fabrication of metallic
tips are electrochemical etching and metal evaporation on AFM
tips.23,31,54,64 In the electrochemical etching method, a voltage is
applied between a wire and a second metallic electrode, both
immersed in concentrated hydrochloric acid solution.65,66 In the
present work the tips as well were produced by the electrochemical etching (10 V, 10 kHz, 10–30 s) of thin gold wire in a
CaCl2 saturated solution twice diluted with water.67 Before
etching, the gold wire was cleaned and glued to a quartz tuning
fork transducer. For etching, a 99.99% pure gold wire of 125 mm
diameter was used (GoodFellow, Cambridge Limited, England).
The fabricated tuning fork based probes have an apex diameter
in the sub-micrometer range (typically 400–600 nm) and show a
Q-factor value greater than 500–700 at a resonant frequency of
above 190 kHz.
A typical image of the produced tips is presented in Fig. 2. As
the gure shows, the metal tip, obtained by one-step electrochemical etching, is a cone of bulk metal with a rough surface.
Coupling between external radiation and plasmon states at the
tip surface is possible through diﬀraction of the external radiation on the rough surfaces (“1”, Fig. 2).68 Under the bottom
illumination using the 100 objective with a numerical aperture of 1.32, immersion oil (Immersol 518F, Carl Zeiss, Germany) and a glass slide with a refractive index of 1.51, the
incident angles for the light illuminating the tip (with the apex
angle e.g. 45 ) will be in the range from 0 to greater than 110 in
respect to the tip surface. Under those conditions the excitation
of SPP at the rough surface of gold is quite usual. In recent
years, surface gratings (created by microlithography) have
become available and studies of surface plasmon excitation
using these gratings have become most useful.69
Surface waves propagate in various directions reecting on
steric hindrance, interact and decay (“2” and “3”, Fig. 2) by
spreading along a rough surface. The intensity of the surface
state may be caused by single or multiple scatterings. The last
process includes repetitive nonradiative elastic scattering of
plasmon waves at a rough surface with changes in propagation
direction without loss of energy (“5”, Fig. 2). We have here a
good example of strong in-plane reection and interference of
surface waves on the stochastic relief.40 This leads to a decrease
of wave propagation in media, the formation of localized states
(“hot spots”) of the surface wave, and it is followed by radiative
decay and irradiation of the electromagnetic waves into the
surroundings. Thus, elastic repetitive nonradiative scattering
on the tip surface (uniformly on the tip surface, not only at the
tip apex) and consequent single radiative scattering may be a
principal radiative loss mechanism of surface electromagnetic
excitations. For the tips under consideration with relatively low
curvature the intensity of radiative scattering is small and
similar to one at the at surface; its intensity and scattering
directions are determined by the power of spectral density of the
tip surface prole (roughness).40
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Fig. 2 The top pictures are scanning electron microscope images of the m-TERS
tip. The schematic diagram of the core processes (bottom) is illustrating the
generation and propagation of surface plasmon polaritons at the surface of the
tip in the focal plane of the microscope in the case of large tip radius R. Coupling
between external radiation and plasmon states is possible through diﬀraction of
the external radiation on the rough surface of the tip (process “1”). SPP excitations
propagate along the tip axis (process “2”, indicating also the penetration depth of
evanescent waves) due to the geometry of the tip and possibly interfere at the
apex (process “3”); increased electromagnetic ﬁeld near the tip polarizes the
electron shells of molecules in the area occupied by the evanescent wave (process
“4”) and enhance Raman scattering. Process “5” illustrates the formation of
radiated “hot spots” on the surface of the tip due to the interference on the
stochastic surface relief.

Due to the tip geometry, surface waves tend to spread to the
apex (by multiple changes in propagation directions without
essential loss of energy), causing thus an additional concentration eld due to the possible constructive interference (“3”,
Fig. 2). It should also take into account the changes in the
spatial distribution of the evanescent wave for the diﬀerent
diameters of the probe.70 The energy ow of the electromagnetic
states is conned mainly in the dielectric with the maximum
intensity of the electric eld at the surface of the metal (“4”,
Fig. 2). With the increase of the diameter of the probe, the
interfacial process is more and more similar to that on the at
surface of the metal.18 Regardless of the radius of the tip,
exponential decay of the eld in the surface region is preserved,
and the intensity of the electric eld below the tip apex decays
exponentially as exp(d/R), where d is the distance from the tip
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apex and R the tip radius.71 Whilst such a description is not
strictly accurate as R tends to innity, it provides clear qualitative insight. When R ¼ 20 nm, the intensity of the electric eld
at a distance d ¼ 100 nm from the tip is less than 1% of that on
the metal surface; the excitation is high localized in the area
immediately adjacent to the tip. However, at R ¼ 200 nm, this
value is about 60%; more than enough to polarize and excite the
electronic states of the molecules at a distance of 100 nm from
the tip apex.
Use dependency probably overestimates the value of the eld
at a large tip radii, but qualitatively correctly describes the
actual situation according to various experimental studies.71 In
particular, polycrystalline gold lms with a crystallite size in the
range of 30–50 nm demonstrate very low radiation losses40,41
which suggests that the spatial heterogeneities of this size do
not prevent the spread of SPP and do not cause essential radiation losses. If neglecting possible additional enhancement of
the eld due to the constructive interference and focusing of
surface waves directed toward the tip, the best lower estimate
for the penetration depth of the evanescent wave is one for a at
surface. In line with ref. 18, for the classic version of SPP in thin
gold lms, the penetration depth d of an evanescent wave
(decays exponentially as exp(d/d)) into a medium with a lower
refractive index is about 37% of the wavelength l.18 So, for that
used in this work, l ¼ 632.8 nm, the penetration depth d will be
greater than 233 nm. It should be stressed that the intensity of
the evanescent wave decreases with increasing distance from
the surface, so the eﬀective area of intersection of the same
object with the eld at diﬀerent distances from the surface also
changes.18 This leads to a nonlinear inuence of the eld on the
molecular components of the sample located at diﬀerent
distances from it. However, the localized optical eld itself is
still signicant enough at a distance of 100–200 nm from the tip
and extends into the space up to the order of the wavelength.

Raman spectroscopy measurements
Raman spectra of individual cells are measured using a confocal
Raman system (NTEGRA Spectra, NT-MDT, Russia) that has
been described previously.72 In case of ‘inverted’ conguration
(Fig. 3, ‘I’) a 35 mW He–Ne laser (632.8 nm, Melles Griot 25-LHP928-230, USA) or a 20 mW DPSS laser (532 nm, LCM-S-111-20NP25, Russia) were used. The laser beam is delivered through a
clean-up lter into an inverted optical microscope (Nikon
Eclipse TE 2000-S). The microscope is equipped with a 100
1.32 numerical aperture oil immersion objective (Leitz NPL
Fluotar, Germany), resulting in diameter of the spot less than
0.3 mm at the laser focus. In the present work we used partly
unfocused laser beam with above 5 mm in diameter that entire
cover the single yeast cell. Typical laser powers at the focus can
be controlled in the range of 0.01–10 mW. The beam is focused
through a glass cover slip of thickness 0.15 mm (Carl Roth,
Germany), which rests on a controlled XY stage capable of
scanning samples over a 50  50 mm. The cells on the cover slips
are probed by the laser beam and scattered signals are collected
for the same objective and then focused through a 100 mm
pinhole. A 633 or 532 nm ultrasteep long-pass edge lters reject

Analyst, 2013, 138, 5371–5383 | 5375

View Article Online

Analyst

Paper
acquisition, the background spectrum originating from the
cover glass and other optical elements was rst subtracted from
each cell spectrum. The spectra than have been averaged for 10
raw records and the nal spectrum were corrected from the
uorescence input by subtraction of a third-order polynomial
curves using Raman Processing Program.73,74
The band specic experimental Raman enhancement factor
Gs has initially been deduced from the increase in intensity
within the specic Raman bands using
dnð
þD

Gs ¼

IðdÞdd

(1)

Published on 24 June 2013. Downloaded on 12/08/2013 17:36:40.

dn D

where I(d) is the intensity of averaged and background/uorescence corrected Raman response, d is the Raman shi, dn is the
position of n Raman band, D ¼ 25 cm1 in the present case. The
averaged for the spectral range dmin (1200 cm1)–dmax
(1700 cm1) enhancement factors for Raman scattering G*S and
luminescence emission G*F have been calculated using
GF* ¼

dmax
ð

F ðdÞdd

(2a)

IðdÞdd

(2b)

dmin

GS* ¼

dmax
ð

dmin

Fig. 3 Schematic diagram of core procedures is illustrating the analysis of yeast
cells: (1) sample preparation; (2) general optical imaging; (3) topographic characterization by AFM imaging; (4) cell selection; (5) single cell m-Raman investigations; (6) m-TERS measurements; (7) verifying AFM analysis of cells integrity. (I)
‘inverted’ and (II) m-TERS experimental conﬁguration, based on tuning-fork shearforce AFM tip. ‘a’ – typical optical image of cells colonies, ‘b’, ‘c’, ‘e’, and ‘f’ –
typical AFM images of the samples, ‘d’ – optical image illustrating the size of the
yeast cell and laser beam on the glass slide.

residual backscattered laser light and the signal is directed into
a spectrometer (Solar TII, NT-MDT) equipped with a TE-cooled
(60  C) CCD camera (DV401-BV, Andor Technology, USA). The
additional CCD camera is used to collect microscope images of
the cells being probed.
The m-tip-enhanced Raman measurements (Fig. 3, ‘II’) were
performed on the same inverted conguration (Fig. 3, ‘I’). Using
the additional Scanning Probe Microscopy platform (for shearforce mode with tuning fork piezoelectric linear actuator,
average displacement under oscillations is less than 50 nm), the
apex of the gold tip was positioned to the focused beam on the
measured sample. Finally, a conventional Raman microscopy
set-up was coupled with a SPM for synchronized use (TERS
mode of the NTEGRA Spectra system).

where F(d) is the intensity of averaged and background corrected total response. The value of G*F is slightly overestimated
owing to the small input from Raman scattering.
The actual experimental Raman enhancement factor71,75 Gv,
taking into account the size of the beam spot and the size of the
enhanced volume under the tip, was estimated using the
following assumptions. The volume probed by m-Raman is
estimated as the volume of cell envelope (for the reason for this,
see the Results and Discussion sections) because the laser beam
covers the cell as a whole. The volume probed by m-TERS is
estimated as the enhanced area under the tip (circle with radius
R) multiplied by the thickness of cell envelope (above 100 nm).
In the last case we neglect the decrease in intensity of the
evanescent eld with distance from the surface, so the actual
volume will be overestimated and the nal Gv value will be the
lower estimate. Finally, the enhancement factor Gv is calculated
using
 2
ð4pZ 2 ÞL
Z
¼
G
4
zGS 400
(3)
GV ¼ GS
S
ðpR2 ÞL
R
where Z and R are the radii of the cells (greater than 5 mm in
diameter) and the tip apex (greater than 500 nm in diameter)
respectively. L is the cell envelope thickness (greater than
100 nm).

Spectral preprocessing
Raman spectra were collected within the spectral region from
1200 to 1700 cm1. This region is known as the molecular
ngerprint region and provides the most information on the
biological constituents of yeast cells. Following the spectral
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Experimental procedure
For the preparation of samples the growing cells were transferred onto a glass slide (Fig. 3, ‘1’). To determine the homogeneity of cell colonies the optical images in diﬀerent regions of
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the sample were analyzed (Fig. 3, ‘2’) and the optimal location
within a sample was imaged by AFM (Fig. 3, ‘3’). AFM imaging
oﬀers a clearer view of cell structure and allows the separation
of the living cells at the stationary phase from the budding yeast
(Fig. 3, ‘f’, real typical image) and dead cells (Fig. 3, ‘e’,
real typical image); during this stationary phases the cell
monitors its environment and its own size without nucleus
replication.76 Then the selected cells were analyzed by m-Raman
(Fig. 3, ‘5’ and ‘6’) followed by m-TERS measurements (Fig. 3,
‘6’). Finally, AFM imaging was used to prove that the cells were
not disturbed during the analysis and maintained their integrity
(Fig. 3, ‘7’).

Published on 24 June 2013. Downloaded on 12/08/2013 17:36:40.

Results
AFM imaging of wild-type and genetically modied yeast cells
The optical images of the cells transferred from the agar culture
media on the glass substrate indicate the similar interfacial
structure of yeast colonies for both wild-type and transformed
yeast cells (e.g. Fig. 3, ‘a’ as typical image). AFM imaging veries
this conclusion and resolves the detailed structural features on
the cell surface providing better visualization of the 3D structures of the cells.
Fig. 4 shows typical AFM images taken from the colony
containing several yeast cells (mainly in monolayer) on the
glass. The growth of yeast cells is observed as compact colonies
on the substrate; the living cells on the surface held together by
an extensive and dense structure. In line with observations from
optical microscopy there is no essential diﬀerence in the cell
growth at the colony's level; the size of the single cells, their
distribution inside the colony etc. are similar for both wild-type
and genetically modied yeast cells.
The imaging on yeast cells has advanced to higher resolution
due to the existence of more rigid surface layers (cell wall).77,78
Therefore, high-resolution AFM imaging of the cells of living
yeast is possible and is presented in Fig. 5 for both cell types. In
contrast to the surface of wild-type cells, some interfacial
structures on the cell wall of modied cells have been observed.
The average size of the typical interfacial structures (estimated
by statistical analysis using two-dimensional power spectral
density function) is greater than 40–60 nm in diameter and 3–
5 nm in height – it is greater than the size of a single GDH
protein (approximately 38–55 kDa (ref. 79) and 4–6 nm in
diameter). However, it is well known that the active form of
GDH protein appears to be a homomeric dimer (with 104 kDa

Fig. 4 AFM image of living yeast cells: (a) colony of wild-type cells and (b) colony
of genetically modiﬁed cells.
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Fig. 5 The typical proﬁles of topography (top) and full phase images (bottom) of the
surface of cellular membrane of wild-type and genetically modiﬁed yeast cells. Insert
indicates high-resolution topographical (2  2 mm) imaging (2D data in the ESI†).

(ref. 80)) or tetramer (with weights between 200 and 280 kDa
(ref. 81)). In this case the natural active units of GDH can reach
20–30 nm in diameter; additional clustering of stable GDH
multimer is also possible. The topography features on AFM
images (Fig. 5, top inserts) correlate well with the “dark areas”
in the phase diagrams; the last one clearly visualizes the round
shape of surface substructures. The dark regions on the phase
diagrams have a similar size to the elevated segments of the
surface and their arrangement correlates with the arrangement
of the faces of the individual clusters. This suggests that the
existence of “dark areas” in the region of the peaks may be
related not so much to real variations of the surface composition as to the features of the surface prole.82
So, we can assume that the outer cell wall is constructed from
the same material for both cell types and the observed “mountains” are the result of the formation of subsurface clusters etc.
To verify this observation, force spectroscopy measurements have
been performed which indicate the mechanical properties83,84 of
the cells. The similar AFM force–displacement curves for both
wild-type and genetically modied yeast cells (data shown in the
ESI†) indicate that cell walls have similar local composition in
both wild-type and genetically modied cells. The stretching of
the cell wall in the last case compensates for the increased
osmotic pressure induced by the synthesis of additional GDH
proteins and is clearly visualized by proling the cell surface
presented in Fig. 5. The presence of membrane folds in the
micro-scale, easily observed in case of wild-type cells, gave way to
a smooth surface with local structure specic to the nano-scale
with regards to genetically modied yeast cells.
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Single-cell Raman spectroscopy: measurement conditions
A suitable approach to analyze or ngerprint the chemical
composition of the cell is the use of vibrational spectroscopy.
The spatial resolution of confocal m-Raman spectroscopy in the
low micrometer scale and its ability to probe samples under in
vivo conditions (both water and air are transparent to visible
light enabling molecular imaging analysis) allow to monitor the
chemical composition of the living single cell without the need
for chemical xatives, markers or stains.85,86 One widely used
approach is to employ optical tweezers, which provide an
excellent tool to study non-adherent cells by immobilizing them
in solution.87 The alternative approaches are based on dropping
the cells on a modied glass slide, with or without further
sealing with a cover-glass for mechanical xation of the cell
wall.88 The usage of the procedures mentioned above was based
on the dilution of the cell culture followed by centrifugation and
washing; in our case one was unsuccessful due to the damage of
genetically modied cells during these procedures. The
attempts to grow the cells directly on quartz slides using standard techniques were also unsuccessful. Finally we used direct
transfer of the growing cells from the multi-layered colonies in
the Petri dish without any additional xation procedures before
the Raman measurements. However, as mentioned in ref. 89, no
Raman scattering peaks of a non-xed yeast cell deposited on a
glass substrate can be detected by a focused beam because of
the strong uorescence interference from the cell and the high
“noise” level. The same situation has been observed in our
experiments for the case of a focused laser beam. Moreover,
increasing the acquisition time (up to 120 s) had no essential
eﬀect on the noise level. This eﬀect was more pronounced for
wild-type cells with a highly corrugated membrane in respect to
more smooth transferred counterparts and in contrast to the
spectrum for a single GDH protein. We believe that in the
present case the membrane uctuations are the principal
sources of noise arising at the focal plane of the objective within
the highest density of the optical eld. To decrease this eﬀect by
spatial averages within the cell membrane, the size of the laser
beam has been increased to a diameter similar to the cell size.
The cell-to-cell spectral variation is low. We attribute the
relatively low variations in our study to several factors. First of
all, the sampling procedure based on AFM imaging results in
selection of the cells, which appear to be very similar morphologically; they were round shaped and were similar in size.
Secondly, we used the partly unfocused laser beam to cover the
entire cell; therefore, it is likely that intracellular organelles in
the diﬀerent areas within the cell are equiprobably probed.
Furthermore, this study examined the live (non-xed) cells
using low-energy (632.8 nm) and low-intensity testing light
(above 1 mW per area of 5 mm diameter in the sample plane).
Single-cell Raman spectroscopy: spectra analysis
Fig. 6 shows original as well as averaged and the baseline/
uorescence corrected m-Raman and m-TERS spectra of the lowwave region numbered from 1200 to 1700 cm1 for the modied
yeast cells in inverted conguration; for clarity the spectra have
been spaced on the intensity axis in the same scale.
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Fig. 6 Top: averaged for 10 raw records original m-Raman and m-TERS spectra of
genetically modiﬁed yeast cells (632.8 nm, 1 mW in the sample plane, acquisition
time 30 s), glass substrate (632.8 nm, 1 mW ibid., acquisition time 30 s, shifted up
for 3700 counts) Bottom: corrected for luminescence background and smoothed
spectra from the top as well as the spectra of single GDH protein (532 nm, 1 mW
ibid., acquisition time 120 s); m-Raman and m-TERS sequentially recorded for the
same single cell.

The Raman spectra that we obtained from genetically
modied cells are similar to the spectra of most living cells,90 in
particular they correlate well with other Raman spectral data
obtained from yeast cells.91 The spectra of modied cells share
many typical bands that are indicative of yeast cells, e.g. 1664,
1602, 1450, 1305 cm1 etc. (Fig. 6). The assignment of individual
peaks has been made on the basis of assignments by others and
can be found in ref. 92. It is important to note that although
some specic assignment can be made, many of the bands are
in spectral regions characterized by signicant overlap between
protein, lipids and polysaccharide peaks. As such, well-dened
comparative analysis of the Raman spectra specic for modied
and non-modied yeast cells becomes more complex and
ambiguous in the present case. Instead of this we analyze
the correlation of the single GDH protein spectrum with both
m-Raman (cell averaged) and m-TERS (enhanced near the outer
This journal is ª The Royal Society of Chemistry 2013
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cell wall surface) with the aim to answer the questions: Can the
single GDH protein spectrum be a part of m-Raman or/and
m-TERS spectra?
Both spectra, m-Raman and m-TERS, were measured consecutively on the same cell. Despite the approximately four-fold
increase in the intensity of the bands in the case of m-TERS, the
position and the mutual intensity of the bands remained almost
unchanged: most features of the m-Raman spectra are easily
identied in m-TERS if compared with each other. Two factors
may be accountable for that. First of all, for the m-Raman when
the scattered radiation is collected from the entire volume of the
cell, the primary contribution is from the cell envelope since the
concentration of diﬀerent components in the cell volume is low
whereas homogeneous Rayleigh scattering is higher. From the
other side, m-TERS as well enhances the Raman signal over a
wide area of space, covering the membrane completely over its
thickness. So, the diﬀerences between m-Raman and m-TERS are
mainly quantitative rather than qualitative.
The yeast cell envelope is made of helical glucans and oligomannans, proteins, lipids, and some chitin93 and comprises
30% of the dry weight of the cell. So, it is reasonable to expect
that Raman spectra will be a combination of spectra originating
from the main fractions: b-1,3-glucan (50% of cell wall) and
mannoproteins (40%), whereas the input from other fractions
will be low. Indeed, many peaks are well correlated with glucan
(e.g. 1455, 1360, 1265 cm1)94 and mannoproteins (1558, 1473,
1428, 1339 cm1 etc.).95 However, the best correspondence can
be achieved if we take into account the bands identied in the
spectra of GDH protein (Fig. 6); all bands specic to GDH
protein (1664, 1640, 1611, 1586, 1568, 1522, 1487, 1465, 1438,
1409, 1371, 1353, 1305, 1260 cm1) are present in the Raman
spectra of genetically modied cells.
Whereas the possible contribution of GDH protein to the full
set of cell proteins is relatively low (less than 1% in line with
biochemical analysis), the direct identication of the GDH
specic ngerprint from the complex response Raman spectra
is impossible owing to the similarity of protein spectra.
However, at least it is possible to conclude that all GDH specic
bands are present in the Raman spectra of the cells.
Single-cell Raman spectroscopy: eld enhancement
First of all it is reasonable to note that the observed enhancement of both uorescence and Raman signals cannot be
explained by an additional reection from the tip approaching
the surface. The reasons for that are the conical form of the tip,
its small size with respect to the cell and laser beam and the
similar signal at a glass surface for both tip-down and tip-up
congurations. The diﬀerence in amplication levels of luminescence and Raman signals as well conrm this conclusion.
In addition to the enhancement of Raman scattering, the
excitation of SPP at the gold tip resulted in the local enhancement of the luminescence signal (originating mainly from
porphyrin containing membrane proteins in yeast cells96) as
well. Comparison of the luminescence emission for a single cell
with and without the tip above it revealed that the enhancement
factor for luminescence emission is greater than 2.8 for the
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1200–1700 cm1 spectral range. The diﬀerence between Raman
scattering and luminescence emission enhancements can be
explained by the diﬀerence in the “actual” volumes of signals
generating space. For tip–sample distances greater than 10 nm
the luminescence signal increases, whereas below this
threshold the metal surface quenched the luminescence signal
owing to the increase in the rates of non-radiative processes.97
As such, eﬀective luminescence volume will be less for the space
extending to the quenching threshold. In the case of thick
samples (greater than the penetration depth of the evanescent
wave) this eﬀect may be insignicant. However for thin structures the tip–sample distance must be optimized using
maximum luminescence emission as a criterion if a quantitative comparison of Raman and luminescence specic
enhancement factors is intended to be determined.
For the case of yeast the thickness of the cell envelope is greater
than 100 nm and the diﬀerence in eﬀective Raman and luminescence volumes may likely be neglected. In this case the
diﬀerence between Raman scattering and luminescence emission
enhancements is probably related to the diﬀerence in enhancement mechanism specic for those processes. Indeed, the
mechanism related to the increasing of the cross-section is
negligible for the luminescence emission owing to the huge
diﬀerence in the typical cross-sections exploited by Raman (above
1030 cm2) and luminescence (above 1016 cm2) based technologies. This suggestion allows us to estimate the input of the
additional mechanism in the total enhancement factor of Raman
scattering under m-TERS conditions. Taking into account that the
luminescence enhancement factor G*F (related to the amplication
of incident light), is above 2.8, and the Raman G*S, is above 3.3, the
relative input of the addition mechanism in the enhancement
factor of Raman scattering is greater than 15%. This value is an
upper estimate taking into account the possible bleaching volume
eﬀect mentioned above. We suggest that this additional mechanism can be related to the gradient-eld Raman13,14 eﬀect, because
one arises from the abnormally large electric eld gradient near a
metal surface. Under m-TERS conditions, the evanescent wave
itself generates a huge eld gradient.98,99 Moreover, the interaction
of a highly compressed optical eld of the evanescent wave with
the molecular components of a spatially non-uniform cell wall,
may give rise to a localized eld gradient, which decays on a
length scale comparable to that of the induced oscillation.13,14 It is
reasonable to note that in complex organic molecules with a
highly-conjugated system and delocalized p-electrons (e.g.
porphyrins, etc.) the molecular vibration may involve numerous
atoms of macrocyclic rings and, naturally, occupy a relatively
extensive area of space. As the result, the conditions specic for
gradient-eld Raman may be fullled.
Under m-TERS conditions, the actual experimental Raman
enhancement factor Gv, taking into account the size of the beam
spot and the size of the enhanced volume under the tip, is
greater than 1.3  103 (Fig. 6). This enhancement of the Raman
signal arises from the multiplication of the enhancement
factors due to the compression and connement of optical
energy in the form of the evanescent wave, possible focusing as
well as from gradient-eld Raman eﬀect. The main enhancing
mechanism under m-TERS conditions is related to the eﬀects of
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the optical eld compression and connement near the tip
surface owing to SPP generation, with usual eld intensity
increasing by 102–103 for the at surface. Additional amplication can result from partial focusing by the plasmonic tapered
waveguide, but in line with theoretical calculations for tips with
the radius of curvature more than 50 nm at the apex, the electric
eld enhancement owing to focussing is less than ten.100 And,
nally, last but not least is the gradient eld enhancement
based on a strong electric eld gradient that shis the potential
energy of the atoms as they move during the vibration.13,14 This
scattering term is dependent on the eld gradient and the
polarizability tensor, which is responsible for the scattering of
visible or near-infrared light.10,101
Detailed analysis of the enhancement factors for the various
Raman bands in the spectrum of cells shows that the increased
amplication (above 20%) is specic for the bands that have
contribution from the GDH protein (see the insert in Fig. 6).
This diﬀerence suggests that the GDH protein is within the
area occupied by the evanescent wave and its spatial position
diﬀers from the distribution inherent to intrinsic proteins
within the cell wall. Indeed, so far as the intensity of the
evanescence wave decays exponentially with distance to the
interface, the enhancement factor as well will be a function of
the distance: if the protein is located near the tip the
enhancement factor will be higher, if far away from the tip, the
enhancement factor will tend to zero. Thus, a large value for
the enhancement factor for the GDH containing bands
suggests that the center of mass of the GDH protein distribution is closer to the outer surface of the cell than most natural
complexes of the membrane. Given the fact that the predominantly intrinsic protein complexes are located near the inside
cell wall (except manno-proteins, uniformly distributed in the
volume of the cell wall), the Raman study conrms the results
of AFM imaging concerning the preferential location of the
GDH proteins within the cell wall.

Discussion
The yeast outer envelope comprises the yeast cell wall (greater
than 100 nm), the periplasmic space (3–5 nm) and the plasma
membrane (7–10 nm). In S. cerevisiae, the cell wall comprises up
to 30% of the dry weight of the cell and up to 50% of the volume
based on calculations from electron micrographs.102,103 The cell
wall is a highly adaptable organelle; the plasma membrane and
cell wall act together to regulate cell volume and therefore the
size when appropriate. The yeast cell wall demonstrates the
combination of considerable mechanical strength and high
elasticity allowing the wall to redistribute physical stress, which
oﬀers eﬃcient protection against mechanical damage, in
particular, owing to internal pressure. In addition to the stabilization of internal osmotic conditions, the function of protective coat and maintenance of cell shape is also performed—the
cell wall is a scaﬀold for protein. The combination of stressbearing polysaccharides with glycoprotein (mannoproteins)
limits the permeability of the cell wall for outsider macromolecules; conceivably, they may also limit the escape of soluble
intracellular components into the medium. The limited
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Fig. 7 Schematic diagram of core reactions illustrating the accumulation of the
GDH protein by the yeast cell envelope.

permeability of the external protein layer may also allow the
creation of a microenvironment in the inner region of the wall
adjacent to the plasma membrane.104 This concept is well
correlated with the natural arrangement of GDH proteins
within the periplasm of prokaryotic cells.105
The short overview of the cell wall construction in S. cerevisiae allows the proposal of the clear view of the process
occurring as the result of genetic modications. In the present
case the cell wall acts as a passive molecular sieve and retains
GDH molecules inside the cell envelope (Fig. 7).
The synthesized GDH protein, in line with analysis of hydrophobicity proles, shows two potential trans-membrane motives
(2–26 aa and 373–392 aa) and thus integrates or crosses the
membrane and nally accumulates inside the periplasmic space
with possible partial penetration into the polysaccharide cell
wall. Owing to strong over-expression, the single protein aggregates (in dimer, tetramer or more) form multimolecular domains
inside the cell envelope. So, the yeast periplasm accumulates
‘secreted’ GDH proteins that are unable to permeate the cell wall,
but remain associated with the cell membrane (Fig. 7). These
explanations are consistent with the results from the AFM
studies—we found that the surface of transformed cells at the
nano-scale was rougher (protein domains under the cell wall),
whereas in micro-scale, it was essentially smoother (higher
osmotic pressure due to GDH protein over-expression) than that
of untreated controls. The chemical analysis specic to the cell
wall of yeast using m-TERS also reveals the presence of the GDH
protein inside the cell envelope—all GDH-specic Raman bands
were identied. Our biochemical investigation of the enzyme
activity of genetically modied yeast cells also links maximal
GDH activity to solubilised membrane proteins.106 Glucose
dehydrogenase activity was measured in separated cytoplasmic
and membrane fractions of modied yeast cells, as well as in the
extracellular medium, concentrated up to 100 times. It was found
that maximal GDH activity is in the solubilised membrane
protein fraction (40 U mL1) compared to that localized in
cytoplasm (29 U mL1) or secreted form (trace amounts).

Conclusions
In the present work we have compared the wild-type and
genetically modied yeast cells using the changes in the cell
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wall topography as criteria. The combination of Atomic Force
Microscopy with the m-Raman and m-TERS spectroscopy for
studying the structure and chemical composition of biological
objects allowed us to determine that genetic modication
leads to the stretching and smoothing of the cell envelope
enriched by GDH proteins assembled together in multiprotein
clusters. This result has been veried by conventional
biochemical studies.
The reason for such a strong accumulation of the protein in
the cell envelope is the peculiarities of the gene construct used
in this case. The presence of Kluyveromyces lactis toxin signal
sequence in the genetic design of GDH assumes the secretion of
the synthesized protein into the extracellular medium.
However, as shown in our study, despite the intense protein
synthesis in the cell (the intensity of luminescence is more than
1.5 times higher for modied with respect to the non-modied
yeast cells), its output to the extracellular environment does not
occur. Instead, the protein accumulates in large quantities in
the cell envelope without cell death. Such clustering may cause
“jamming” of the protein near the cell wall and prevent its
release into the extracellular medium. Thus, the presence of
trans-membrane fragments, together with a tendency to cluster,
causes the accumulation of the protein within the periplasmic
space. These explanations are consistent with both the results
from the AFM and Raman studies conrmed by the biochemical
data.
Finally, we demonstrate that the combination of scanning
probe microscopy with m-tip enhanced optical readout provides
a ‘window’ into the cell’s life. Subwavelength light connement
in the form of an evanescent wave supported by propagating
surface plasmon polaritons open the way for on-line monitoring of subsurface processes near or within the cell envelope,
inaccessible by other methods. In some sense the m-TERS
technique is similar to classical biosensor systems based on
the propagating surface plasmon resonance phenomenon18
but with sensitive elements a few micrometers in size that can
be targeted to the area of interest; in addition to the detection
of total characteristics of the volume under the tip, the use of
Raman scattering as an informative signal opens the way for
ngerprinting, identication and possible monitoring
of specic components. We hope that further development of
m-TERS technology makes it possible not only to track the
biological transformations at the subcellular level, but also to
elucidate morphological and biochemical changes of cells
in vivo using label-free subsurface imaging of cell membrane
components.
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