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T cells can be controllably stimulated through antigen-specific or
nonspecific protocols. Accompanying functional hallmarks of T cell
activation can include cytoskeletal reorganization, cell size increase,
and cytokine secretion. Photon-induced near-field electron micros-
copy (PINEM) is used to image and quantify evanescent electric
fields at the surface of T cells as a function of various stimulation
conditions. While PINEM signal strength scales with multiple of the
biophysical changes associated with T cell functional activation, it
mostly strongly correlates with antigen-engagement of the T cell
receptors, even under conditions that do not lead to functional
T cell activation. PINEM image analysis suggests that a stimulation-
induced reorganization of T cell surface structure, especially over
length scales of a few hundred nanometers, is the dominant
contributor to these PINEM signal changes. These experiments
reveal that PINEM can provide a sensitive label-free probe of
nanoscale cellular surface structures.
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Photon-induced near-field electron microscopy (PINEM) in-
tegrates the ultra-high spatial resolution of transmission

electron microscopy with the extreme temporal resolution of
femtosecond (fs) light spectroscopy (1). The basic concept is that,
under certain conditions, transmitted electrons can absorb or emit
photons. In free space, such a process is forbidden due to energy–
momentum conservation. However, when the electron–photon
interaction is both spatially and temporally confined, a material
structure of sufficiently small dimensions can alter the disper-
sion relation of the photons at the surface, so as to eliminate this
energy–momentum mismatch (2). In other words, the structure and
composition of the interface can play a role in the generation of a
PINEM signal. A formal theory of PINEM was initially developed
and then tested using model nanostructures (2), such as plasmonic
silver nanowires (metals) (3), carbon nanotubes (1), or protein
vesicles (dielectrics) (4), each with critical dimensions below the
wavelength of the incident radiation. Cancer cells with diameters
substantially larger than the incident radiation wavelength, have
surprisingly been shown to yield a weak, but measurable, PINEM
signal, and that signal could be influenced through growth factor
stimulation of the cells (5). However, the specific physical cellular
properties that contributed to the PINEM signal, or the growth-
factor induced PINEM signal changes, were unresolved.
Here, we use PINEM for the analysis of human T lymphocyte

activation. PINEM can potentially provide a view of T cell acti-
vation, but perhaps surprisingly, T cell activation can also help
provide insight into the physical parameters that affect the PINEM
signal. Selective triggers for T cell activation include the use of
peptide-major histocompatibility complexes (p-MHCs) for peptide
antigen-specific engagement of the T cell receptor (6). T cell ac-
tivation can also proceed via nonselective triggers, such as com-
bining phorbol 12-myristate 13-acetate (PMA) to activate protein
kinase C, with ionomycin, which is a calcium ionophore (7). We
tap the known biology of different T cell stimulation protocols,
coupled with biophysical properties measurements, to extract the
physical parameters that influence the PINEM signal. We used a

CD8-negative Jurkat T cell line transduced with T cell receptors
(TCRs) specific for a melanoma-associated antigen (MART-1)
(8). Controlled stimulation of these cells can be used to dial up
a variety of biological or biochemical signals. We explored stim-
ulation protocols that were limited to alterations in the cell surface
biochemical composition, or which, at a second extreme, led to full
biological activation. In both cases, the PINEM signal was altered
by a much greater extent than was reported for EGF-stimulated
cancer cells (5). This increased signal to noise allowed for corre-
lations of PINEM signal strength, with PINEM imaging of cell/
vacuum interfacial structure, with distinct biophysical and bio-
chemical properties of the T cells, as stimulation protocols were
titrated. We find that cellular surface structure is altered by both
partial and full stimulation protocols. These measurements reveal
that PINEM imaging can provide a highly sensitive tool for in-
terrogating changes in cell surface structure. They also demon-
strate that a nonactivating, but antigen-specific stimulation of CD8-
negative T cells can lead to significant cell surface reorganization.

Results
PINEM Provides a Quantitative View of T Cells with High Spatiotemporal
Resolution. The basic instrumentation for PINEM imaging of
Jurkat T cells is illustrated in Fig. 1. Modification of a conventional
TEM allows for the production of ultrashort packets of imaging
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electrons, which are transmitted through the cells supported on a
silicon nitride-covered TEM grid (Fig. 1A). The same cells are
excited with a fs optical pulse that can be delayed to overlap in
space and time with the electron pulse. The optical excitation
creates an evanescent electric field at the surface of the cells, and
the longitudinal components of this near-field inelastically scatters
the electron pulse. This results in quantized energy exchange,
yielding distinct gain and loss peaks in the electron energy spec-
trum that can be gated for imaging. PINEM imaging selects only
the energy-gained electrons (1 to 11 eV) to form an image, en-
abling the visualization of the evanescent field at the cell bound-
aries. Contrast enhancement from the PINEM signal is clearly
shown in Fig. 1B, in which unstimulated Jurkat cells appear to glow
at the edges. The average excitation fluence (2.5 mJ·cm−2) of the
pump pulse is optimized to yield a measurable electron energy
gain/loss spectra, but without inducing thermal damage to the cells.
This contrast enhancement from the evanescent photon-induced
near-field effect is at a maximum when the 2 beams are coincident,
and gradually disappears and is absent at a 1 picosecond (ps) delay
(SI Appendix, Fig. S1, quantified using pixel-by-pixel analysis with
10 nm × 10 nm pixel size). The PINEM effect also exhibits a de-
pendence on the optical field polarization with respect to the

surface normal of the cells (SI Appendix, Fig. S2), consistent with
previous investigations. Importantly, when Jurkat cells are stimu-
lated with a standard T cell activation procedure that cross-links
CD2, CD3, and CD28 cell surface ligands, the PINEM intensity
was sharply attenuated relative to unstimulated cells (Fig. 1C).
To systematically assess the PINEM signal of different stimu-

lation conditions, we developed a standard procedure to measure
and calculate the PINEM intensity. In a typical PINEM mea-
surement, the second condenser aperture (9, 10) was adjusted to
image an isolated cell on a TEM grid. Depending on the cell
orientation, the PINEM intensity was maximized by tuning the
optical polarization. Then, the electron energy spectra was col-
lected so that the edge of the cell appears with highest the contrast
enhancement relative to the interior of the cell. A given image
covers an area of about 50 μm2 at 8,000× magnification. A back-
ground measurement was also collected either without optical
excitation or with optical excitation at 1 ps time delay. The PINEM
intensity is defined as the integral under the electron energy
spectrum from +1 to +11 eV at zero time delay, normalized to the
integration of the background spectrum at the same interval.
When reporting on the PINEM intensity and SEM for a given
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Fig. 1. Time-resolved PINEM on T cells. (A) Scheme depicting the basic components of PINEM imaging. A packet of probing electrons (gray) and a fs laser
pulse (green) are directed to the cells. At the cell surface, some of the electrons gain or lose integer number of photon energy quanta. An energy filter is used
to retain the electrons that gained energy, which are used to generate a PINEM image. (B) Representative UEM (Top) and PINEM (Bottom) images of Jurkat
T cells. (C) Electron energy spectra of Jurkat T cell without (blue) or with (red) T cell activation (CD3/CD28/CD2) treatment and their corresponding PINEM
images (Inset), showing the relative difference in contrast. Both spectra are measured at zero time delay, while spectra with zero loss peaks (black) are
measured at +1 ps time delay. Electron energy gain equivalent to 1 to 4 photon quanta is highlighted (2.4 to 9.6 eV). (Scale bars: 1 μm.)
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experimental condition, the PINEM measurements are averaged
over 4 to 12 individual cells.

PINEM Is Sensitive to T Cell Activation. We correlated the strength
of the PINEM intensity with the biological and biophysical changes
associated with strong, non-antigen-specific T cell activation by titrat-
ing the Jurkat cells with ionomycin over the range 0 to 1.0 μg·mL−1 in
the presence of 50 ng·mL−1 PMA. PMA diffuses into the cyto-
plasm to activate protein kinase C. Ionomycin triggers the re-
lease of Ca2+ from intracellular storage compartments. For a
given treatment condition, the cells were stimulated for a period of
up to 24 h (Methods), after which the thoroughly washed cells were
casted on TEM grids for PINEM analysis. The PINEM intensity as
a function of ionomycin concentration drops more than 5-fold
relative to unstimulated cells (Fig. 2A), reaching a minimum at
around 0.5 μg·mL−1 ionomycin. T cell activation as assessed by
immunoassay quantitation of secreted interleukin (IL)-2 (Fig. 2B)
and C-C motif chemokine ligand 4 (CCL4) (SI Appendix, Fig. S3),
reveals that functional activation is well established at 0.5 μg·mL−1

ionomycin, and increases up to at least 1.0 μg·mL−1 ionomycin.
T cell cytoskeletal reorganization and an increase in T cell size also
evolved up to about 0.5 μg·mL−1 ionomycin (Fig. 2C). The surface
charge of the T cells also varied with ionomycin treatment (Fig.
2D), as reflecting in an increasing zeta potential. The zeta potential
moderately correlates (R2 = 0.62) with the PINEM intensity (Fig.
2E), but also exhibits no significant changes above 0.5 μg·mL−1

ionomycin. These results suggest that multiple biophysical

properties including surface composition, surface charge, cy-
toskeleton rearrangement, and cell volume could potentially
contribute to the attenuation of PINEM signal, but no specific
property is implied as dominant.

Antigen-specific Surface Binding Leads to Attenuation of PINEM
Signal. To single out an individual component in the T cell
activation process, we used a nonactivating stimulation pro-
tocol that modifies the cell surface via antigen-specific inter-
action without triggering downstream signaling. These CD8−

Jurkat cells express MART-1 TCRs (8) that selectively bind to
MART-1 pMHC tetramers independent of CD8 coreceptor
binding (11), and so do not initiate T cell activation (12). Here,
we titrated the concentrations MART-1 pMHC tetramers (0 to
62.5 nM) while monitoring the PINEM intensity, surface
binding of the tetramer, and biophysical changes of the cells.
The surface binding of the tetramer (Fig. 3A) strongly corre-
lates (R2 = 0.88) with an ∼4-fold PINEM intensity drop (Fig.
3B), with no accompanying signs of T cell activation. As shown
in Figs. 3 C and D and SI Appendix, Fig. S4, no changes of
cytokine secretion or cytoskeletal restructuring were observed.
Finally, as shown in SI Appendix, Fig. S5, essentially no cor-
relation (R2 = 0.03) was observed between membrane zeta
potential and PINEM intensity. These results demonstrate that
TCR binding to pMHC tetramers is sufficient to attenuate the
PINEM intensity.
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Fig. 2. Non-antigen-specific T cell activation. (A) Plot of PINEM intensity of ionomycin-treated Jurkat T cells with increasing concentration of ionomycin. Error
bars represent ± SEM (n = 8 to 12 cells). (B) Bar plot of IL-2 secretion by ionomycin-treated Jurkat cells measured by ELISA. Top error bars represent s.d. (n = 3).
(C) Corresponding confocal fluorescence micrographs of filamentous actin. (Scale bar: 20 μm.) (D) Plot of zeta potential of ionomycin-treated Jurkat cells.
Error bars represent ± SEM (n = 3). (E) Correlation analysis of PINEM intensity (A) and zeta potential (D) (R2 = 0.62). Unless otherwise specified, PMA con-
centration is fixed at 50 ng·mL−1.
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PINEM Intensity Drop Is Associated with the Loss of Cell Surface
Structural Features in the Nano- to Microregime. The PINEM sig-
nal originates at the T cell/vacuum interface, with nanoscale
structures on the T cell surface playing the critical role of
energy–momentum matching (2). Thus, we looked to the imaging
aspect of PINEM to try to resolve whether nanoscale changes
in the T cell/vacuum interface structure might account for the
drop in PINEM signal that accompanies TCR–pMHC binding.
To this end, we traced the PINEM intensity around the cir-
cumference of a cell (Fig. 4 A and B). The Fourier transform of
this line analysis revealed a low frequency component arising
from the polarization dependence (0 to 0.02 degree−1 fre-
quency range), plus higher frequency fluctuations (0.02 to 0.3
degree

−1
frequency range), presumably arising from nanoscale

structural variations of the T cell surface (Fig. 4 C, Top). A
statistically significant decrease in the fraction of higher fre-
quency components was observed for cells treated with pMHC
(Fig. 4D; P = 0.0026). By subtracting the average Fourier
spectrum for pMHC-treated cells from that of untreated cells
(Fig. 4 C, Bottom), we identified that the most significant
changes occurred within the range of 0.10 to 0.18 degree−1

(Fig. 4 C, Inset and Fig. 4E; P < 0.0001), corresponding to a
length scale of around 500 to 900 nm for a 10-μm diameter
T cell. This analysis implies that the stimulations explored here
led to significant nanoscale structural rearrangements of the
T cell surface, even when those stimulations do not lead to
T cell activation.

Discussion
PINEM signal has been reported from systems ranging from
plasmonic nanostructures (2) to cells (4, 5). PINEM scattering
theory (2) teaches that polarizable nanoscale structures at the
vacuum interface give rise to momentum spread, and so permit
energy–momentum matching between the electron and light
pulses. We find that the PINEM signal negatively correlates with
the binding of pMHC tetramers to TCRs (Fig. 3B). TCRs are
abundant surface proteins (13) with up to 105 copies per T cell
(14). These TCRs appear to play a dominant role in generating
the PINEM signal in unstimulated T cells, and reorganization of
those TCRs (and likely other associated subcellular structures)
after pMHC binding greatly reduces that role. Our observations
thus suggest that there is a significant spatial reorganization of
the T cell receptors on the cell surface (15, 16). Such spatial
reorganization has been previously reported for stimulations that
functionally activate T cells. Our findings indicate that it can
happen after just pMHC tetramer binding to TCRs, without
accompanying activation. In fact, the surface binding of pMHC
to TCR was strongly correlated (R2 = 0.88) with the PINEM
intensity drop, which, in turn, is associated with the loss of sur-
face structural features in the few hundred nanometers size
range. A second significant finding is that PINEM appears to
provide a highly sensitive (label-free) probe of nanoscale cellular
surface structure, in a manner that was not anticipated by pre-
vious PINEM studies of dielectric spheres (4) and cells (5). In
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particular, the spectroscopy module is useful for detecting
small changes in the PINEM intensity, and the imaging mod-
ule is useful for extracting nanoscale features of the biological
specimen.
The findings reported here represent an initial effort toward a

quantitative understanding of biological imaging with PINEM.
As a label-free high-resolution method, PINEM imaging can
provide insights into cell biology, but the imaging method itself
needs to be better understood. One challenge will be to bridge
PINEM’s imaging module with its spectroscopy module by
establishing a mathematic relationship between these 2. How-
ever, PINEM imaging effectively provides a 1-dimensional spatial
view of the cell, which may not provide resolution of those struc-
tural features that are most responsible for the loss or gain of
PINEM signal strength. One option might be to integrate a second
label-free imaging method such as scanning probe microscopy to
provide an independent, surface-sensitive view of those subcellular
structures that influence PINEM signal (17). A second exciting
avenue will be to study living cell activities, which can be done by
equipping PINEM with liquid cell (18, 19).

Materials and Methods
Materials. RPMI 1640 Medium (22400-071), FITC-conjugated streptavidin
(SA1001), Neutravidin (31000), APC-conjugated FITC monoclonal antibody
(17-7691-80), Alexa Fluor 488 Phalloidin (A12379), formaldehyde (28906),
and PBS were purchased from ThermoFisher Scientific. Poly-L-lysine solu-
tion (P8920), Ionomycin calcium salt (I0634), and PMA (P8139) were pur-
chased from Sigma-Aldrich. CD28 monoclonal antibody (MAB342), human
CCL4 ELISA kit (DMB00), and human IL-2 ELISA kit (D2050) were purchased
from R & D Systems. FBS (30-2020) was purchased from ATCC. Penicillin-
streptomycin mixture (17-602E) was purchased from Lonza (Basel, Swit-
zerland). BSA solution was purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany). ImmunoCult Human CD3/CD28/CD2 T Cell Activator
was purchased from STEMCELL Technologies Inc.

Cell Culture. Jurkat T cell line transducedwith the F5MART-1 TCR is a gift from
David Baltimore. These MART-1-specific Jurkat cells were cultured in growth
media (RPMI 1640 containing 10% FBS, 100 U·mL−1 penicillin, and 100 μg·mL−1

streptomycin) in a humidified incubator at 37 °C with 5% CO2.

Preparation of PINEM Samples. For PINEM experiments, silicon nitride or sil-
icon oxide TEM grids (Ted Pella Inc., 200 mesh) were used. To increase the
hydrophilicity of the surface of the grid, it was passivated with a plasma for
2 min. Thereafter, a droplet (2 to 3 μl) from Jurkat cells, with given treat-
ments, was loaded onto the grid. To ensure the transfer, cells were counted
through optical microscope and compared with the numbers estimated at
low magnification in EM. The sample was allowed to dry briefly in the air
before loading it in to the microscope.

PINEMMethodology. The experiments described in this report were performed
using the second-generation ultrafast electron microscope (UEM) located in
the Physical Biology Center for Ultrafast Science and Technology at Caltech.
The experimental details of the UEM are described elsewhere. The microscope
is combinedwith Yb-fiber oscillator/amplifier laser system (1,038 nm, IMPULSE;
Clark-MXR, Inc.). PINEM images can be obtained either at 519 or 1,038 nm in
the laser system used here. The higher-energy (2.4 eV) excitation wavelength
was chosen because it renders more readily filtered PINEM peaks with energy
of 200 keV +2.4 eV. The laser system generates 2 separate pulses: the
frequency-doubled green (519 nm) one for the specimen excitation and the
quadrupled UV (259 nm) one for the generation of a single pulse of electrons
to create time-resolved images and spectra. A tunable optical delay line was
used to provide a well-defined temporal delay between 2 pulses. Before
gathering PINEM images from specimen, it was prerequisite to determine
time 0, when the ultrafast electrons and photons are overlapped in space and
time, using silver nanowires. The angle of polarization of the excitation pulse
was determined by changing the half-wave plate at the entrance of the mi-
croscope. PINEM data were only obtained when the energy spread of the
zero-loss peak (ZLP) is narrower than the amount of the energy gained. For
this purpose, the UV intensity on the cathode was reduced using aperture as
well, resulting in ideal narrow ZLP with FWHM of ∼0.9 eV. The repetition
rates of the laser used in the described experiments were 100 to 500 kHz.
PINEM images were typically acquired with an excitation fluence of 2.5 mJ·cm−2,

A B C D

E

Fig. 4. Analysis of PINEM micrographs of unstimulated or pMHC tetramer-treated Jurkat T cells. Representative analysis of PINEM micrographs (A and B) for
an unstimulated (Top) or a pMHC tetramer-treated (Bottom) cell. The images are generated with the fs laser light linearly polarized in a plane indicated by
the double-headed arrows. Dotted lines around the cells indicate the regions where a python script traces and records the PINEM intensity from start to end.
(Scale bar: 5 μm.) (B) Plots showing pixel-by-pixel tracing of the normalized intensity around the circumference of the cells. (C, Top) Overlaid area plots of the
average Fourier spectrum for unstimulated (blue) and pMHC tetramer-treated (red) cells for the full frequency range (0 to 0.3 degree−1). The spectrum from
each cell is normalized so that the area under the curve equals 1. (C, Bottom) Spectral subtraction plot of the average Fourier spectrum corresponding to
unstimulated cells minus treated cells. The positive spectrum (green) and negative spectrum (purple) arise from the contribution of the unstimulated and
treated cells, respectively. (Inset) Zoom of the same plots in the 0.02 to 0.3 degree−1 frequency range. (D) Box plots of the fraction of signal from the 0.02 to
0.3 degree−1 frequency range. Unpaired 2-tailed t test, P = 0.0026. (E) Box plots of the fraction of signal from the 0.10 to 0.18 degree−1 frequency range.
Unpaired 2-tailed t test, P < 0.0001. The whiskers on the box plots show the minimum to maximum range. Analysis was performed on 5 (treated) to 7
(unstimulated) unique cells, and additional analysis was performed on the same set of cells, using an orthogonal optical polarization.
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which was focused on the specimen with a diameter (FWHM of ∼50 μm). The
selected electrons that had gained energy between 1 and 11 eV were used to
produce PINEM images by adjusting the energy slit with a width of 10 eV and
by being centered at +6 eV at the energy gain side of the ZLP. The elec-
tron energy gain/loss spectra (SI Appendix, Fig. S6) of a Jurkat T cell after
1 (blue) or 2 (red) PINEM measurements, as well as inspection of the UEM
and PINEM images, indicated that samples remained undamaged during
PINEM imaging.

T Cell Activation. MART-1-specific Jurkat cells (∼400,000) were cultured for 18
to 24 h, using CD3/CD28/CD2 T cell activator (1:40 in growth media). In ti-
tration experiments, cells were cultured for 18 to 24 h in 200 μL growth
media containing varying concentrations of ionomycin (0 to 1 μg·mL−1) and
0 or 50 ng·mL−1 of PMA (phorbol 12-myristate 13-acetate; Sigma).

Secretion Characterization. ELISA kits were used according to manufacturer’s
instructions to measure IL-2 and CCL4 in the supernatant of cells treated
with ionomycin-PMA or MART-1 tetramer. In these experiments, 3 replicates
were evaluated for each sample by absorbance, measured at 450 nm with
plate reader (Synergy H4).

Actin Imaging. To image actin cytoskeleton of Jurkat cells, around 50,000 cells
were adhered in 96-well glass-bottomed plates modified with poly-l-lysine.
The cells were fixed with 4% formaldehyde in PBS, washed with PBS, and
stained with phalloidin-488 according to manufacturer’s protocol. Fluores-
cent images were acquired with a Nikon C2 confocal microscope (Ti) using
Plan Apo Lambda 20× or 60× oil objective (Nikon Inc., Melville, NY), con-
trolled by NIS elements AR (4.51.00).

Zeta Potential Measurement. To measure the membrane zeta potential of
Jurkat cells, cells were thoroughly washed with and resuspended in PBS. The
zeta potential was determined with a Malvern Zetasizer Nano ZS90 (Malvern
Instruments).

MART-1 MHC Tetramer Preparation. MART-1 MHC was first folded from MHC
heavy chain inclusion body (HLA-A*02:01), Beta-2microglobulin inclusion body,
and MART-1 peptide (ELAGIGILTVI), according to literature protocol. The
MART-1 MHC was then biotinylated using the BirA biotin ligase. MART-1 MHC
tetramers were formed by incubating biotinylated MART-1 MHC with neutravidin
or FITC-streptavidin at 4 to 1 molar ratio for 1 h at room temperature.

MART-1 MHC Tetramer Binding and Characterization. MART-1-specific Jurkat
cells (∼100,000) were cultured for 14 to 16 h in 100 μL growthmedia containing
varying concentrations of MART-1 MHC tetramers (0 to 500 nM) and 1 μg/mL
anti-CD28 antibody. Cell surface binding of the MHC tetramers was charac-
terized using tetramers formed from FITC-streptavidin and subsequent anti-
body staining of FITC. Briefly, after MHC tetramer binding, cells were fixed with
4% formaldehyde in PBS for 10 min, washed twice in PBS (no permeabiliza-
tion), and stained with APC-conjugated FITC antibody (10 μg·mL−1) in PBS
containing 0.5% BSA for 1 h. After washing with PBS, the cells were counted;
distributed in wells of a low-volume, 384-well plate; and analyzed using a plate
reader (Synergy H4, excitation: 594/20.0, emission: 667/20.0, gain: 150, optics:
top, read height: 10 mm). The fluorescent intensity of each well was normal-
ized to cell count (28,750 to 90,000 cells were analyzed per well). PINEM in-
tensity tracing and Fourier analysis was performed on unstimulated cells or cells
treated with 500 nM MART-1 MHC and 1 μg/mL of anti-CD28 antibody.

Data and Materials Availability. All data needed to evaluate the conclusions in
the paper are present in the paper and/or the SI Appendix.
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