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Abstract

High energy resolution and broadband efficiency enable the use of cryogenic detectors in biological research. Two
areas where they have found initial application are X-ray absorption spectroscopy (XAS) and time-of-flight mass
spectrometry (TOF-MS). In synchrotron-based fluorescence-detected XAS cryogenic detectors are used to examine the
role of metals in biological systems by measuring their oxidation states and ligand symmetries. In TOF-MS cryogenic
detectors increase the sensitivity for biomolecule detection and identification for masses above ~50kDa, and thus
enable TOF-MS on large protein complexes or even entire viruses. More recently, cryogenic detectors have been
proposed as optical sensors for fluorescence signals from biomarkers. We discuss the potential for cryogenic detectors in

biological research, as well as the challenges the technology faces.
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1. Introduction

Cryogenic photon and particle detectors operat-
ing at temperatures below 1K provide more than
an order of magnitude higher energy resolution
than conventional semiconductor detectors
(though usually not as high as grating spectro-
meters), and an order of magnitude higher
detection efficiency than grating spectrometers
(though wusually not as high as semiconductor
detectors) [1]. Their development was initially
driven by particle and astrophysics needs for dark
matter searches and X-ray astronomy. More
recently, cryogenic detectors have been applied in
the biological sciences. Here we discuss a repre-
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sentative example of the role for cryogenic
detectors in synchrotron-based X-ray spectroscopy
on metalloenzymes, their application in time-of-
flight mass spectrometry (TOF-MS) for large
biomolecule identification, and their potential for
single-molecule spectroscopy by fluorescence re-
sonance energy transfer.

2. X-ray absorption spectroscopy

Synchrotron-based X-ray absorption spectro-
scopy (XAS) is widely used to characterize
chemical states of elements in different coordina-
tion chemistries. Atomic energy levels are sampled
with natural-linewidth-limited resolution by scan-
ning the energy of a monochromatic X-ray beam
through an absorption edge of the element of
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interest, and fine structure in the absorption
spectra are indicative of the elemental oxidation
and spin state, its bond symmetry and its ligand
field strength. For dilute biological samples, the
sensitivity is highest when recording the intensity
of the corresponding X-ray fluorescence as a
measure of absorption (fluorescence-detected
XAS) [2]. This greatly reduces the number of
background counts, provided that the fluorescence
line of interest can be separated from neighbouring
lines in multi-element specimens.

Cryogenic X-ray spectrometers [3] offer an
advantage whenever conventional semiconducting
detectors cannot resolve the fluorescence line of
interest, and grating spectrometers lack the effi-
ciency to collect data within an acceptable period
of time. A short measurement time is crucial for
biological samples that suffer from radiation
damage.

Fluorescence-detected XAS on active metal sites
in proteins can be applied to examine their
reaction mechanisms. One example is photosyn-
thetic oxygen production in photosystem II (PSII)
which occurs at a cluster of four Mn atoms. The
absorption of four photons advances the Mn
cluster through four distinct states, at which point
oxygen is released and the cycle starts anew.
Measuring the Mn oxidation state in the four
states of the cycle constrains mechanistic models of
the reaction mechanism. Cryogenic detectors are
required to separate the weak Mn L fluorescence
from the much stronger nearby oxygen line
(Fig. 1a).

The fluorescence-detected absorption spectrum
(Fig. 1b) shows two main absorption features, the
L; edge at ~642eV corresponding to the 2p;,, —
3d transition and the L, edge at ~652¢V
corresponding to the 2p,;,—3d transition. The
fine structure is characteristic for Mn in the
oxidation state +2, indicating that Mn in this
dried and biologically inactive PSII sample is
reduced to its most stable oxidation state +2.
Simulations of the absorption spectrum for Mn "3
and Mn™* shown for comparison illustrate the
sensitivity of X-ray absorption spectroscopy to
oxidation state changes.

The above experiment demonstrates both the
strengths and the challenges using cryogenic
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Fig. 1. (a) (top) Fluorescence spectra of PSII taken with a 9-
channel cryogenic detector array. (b) (bottom): Mn L-edge
absorption spectrum of biologically inactive PSII, and model
calculations of the expected edge shifts with Mn oxidation state.

detectors for X-ray spectroscopy on proteins.
They enable spectroscopy on certain metal sites,
but for very dilute or very sensitive samples like
PSII higher detection efficiency is required. Using
polycapillary X-ray focusing optics for increased
solid angle coverage is not always possible,
because it requires a small focal spot size
<100 pum on the sample and consequently in-
creases radiation damage. Increasing the array size
and bringing it even closer to the sample than the
~ 15mm currently achieved will expand the range
of possible experiments.

3. Time-of-flight mass spectrometry

TOF-MS is a widely used technique to deter-
mine molecular mass distributions in composite
samples. In biological and biomedical research it
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can identify proteins, protein complexes and their
constituent subgroups. A short-pulse laser va-
porizes and ionizes the sample at a start time #,.
The ions, which have a mass m and total charge ¢,
are electrostatically accelerated by a field £ and
traverse a flight tube of length L, at the end of
which a fast microchannel plate detector records
their time of arrival ¢. Heavier molecules travel
more slowly, and the time of flight

t—ty= L(m/ZqE)l/2

thus provides a measure of the particle mass.

Matrix-assisted laser desorption/ionization and
electrospray ionization are two comparably gentle
techniques to produce ions that have enabled the
launch of very large molecules without breaking
them apart. However, microchannel plate detec-
tors rely on secondary electron emission that
becomes inefficient with increasing ion mass and
typically limits their use in TOF-MS to a range of
~50kDa.

Cryogenic detectors rely on the mass-indepen-
dent detection of low-energy excitations like
phonons or quasiparticles, and therefore have
unity efficiency for arbitrarily high masses. Cryo-
genic detectors also provide information on the
total energy deposited and can remove spectral
ambiguities from ions with different charges ¢
[4,5]. This is especially useful in conjunction with
electrospray ionization where a multitude of
charge states are produced. Cryogenic detectors
thus enable the identification of large proteins to
examine their complex formation and ligand
attachment. The analysis of DNA/RNA and their
fragments allows fast genotyping and the recogni-
tion of mutants. Even the detection of entire
viruses for medical diagnostics or as an early
warning system against biological terrorism are
possible. The potential of cryogenic detectors for
mass spectrometry is currently leading to com-
mercialization efforts [6].

There are, however, competing approaches to
address the limitations of current technology.
Secondary ion detectors and post-acceleration
over a short distance at the end of the flight tube
have been used to detect ions as heavy as 2 MDa.
Multiply charged electrospray clouds can be
partially deionized through interaction with a

dilute gas, and some spectral ambiguities from
different charge states can be addressed by post-
processing in software. Also, the small size of
cryogenic detectors reduces their advantage of
high detection efficiency, given that refocusing the
ion beam tends to degrade the mass resolution.

The impact cryogenic detectors will have on
mass spectrometry will depend on gains in
sensitivity for cryodetectors over that offered by
improved conventional technology, and by the
user-friendliness of their operation for non-expert
users.

4. Fluorescence resonance energy transfer (FRET)

FRET is a technique to measure intermolecular
distances and conformational changes in biologi-
cal molecules [7,8]. It uses two different fluorescent
markers, one donor and one acceptor fluorophore,
chosen such that the emission band of the donor
overlaps with the absorption band of the acceptor
(Fig. 2). An excited donor fluorophore can then
resonantly transfer energy to the acceptor, pro-
vided that the two markers are in sufficiently close
vicinity. The resonant transfer causes a decrease in
the donor fluorescence intensity and the donor
lifetime, as well as an increase in the acceptor
fluorescence. The transfer efficiency E is given by

E=1/(1+(R/R))")

where R is the distance between the two fluores-
cence makers and R, a distance characteristic for
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Fig. 2. Schematic of fluorescence resonance energy transfer.
Fluorophores can be designed that change their emission
wavelength with environmental conditions.
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each donor-acceptor pair. Typically, Ry is in the
range of 20-100 A, a distance comparable to the
diameter of most biological molecules. The steep
dependence of the transfer efficiency on the
interatomic distance R then makes FRET uniquely
suited as a molecular ruler to measure distance
changes and infer interactions between different
proteins or conformational changes of single
molecules.

The sensitivity of FRET experiments depends
on the ratio of the fluorescence signal relative to
the background noise, which is typically set by
scattered light and background fluorescence. High-
est sensitivity single molecule detection can be
accomplished using confocal microscopes that
excite an extremely small spot in the focal plane
on the sample, and reduce the out-of-plane
fluorescence background through pinhole aper-
tures. The molecule is excited at the optical
wavelength of maximum donor absorption and
transfers its energy resonantly to the acceptor
molecule depending on their relative distance. An
interference filter selects the fluorescence wave-
length to be monitored, and a fast avalanche
photodiode records the intensity of the FRET
fluorescence signal at single photon level. 2D
images are obtained by scanning the focal spot
across the sample, and subsequent tomographic
volume rendering can be done. Avalanche photo-
diodes with single photon sensitivity are only
available as single pixel detectors, which perfectly
matches the confocal optical geometry.

Cryogenic detectors can enable single molecule
FRET studies on systems whose fluorescence
wavelength changes with the environmental con-
ditions. Several markers, for instance, change their
fluorescence wavelength as a function of local pH
or ion concentration and can be used to monitor
environmentally driven conformational changes.
Interference filters have a limited bandpass, and

splitting the fluorescence signal with dichroic filters
and using separate interference filters for each
fluorescence wavelength reduces the detection
efficiency such that not enough photons can be
collected within the finite lifetime of the fluores-
cence marker. An efficient broadband optical
detector with a resolving power of at least 10 is
needed. Also, often structural changes and envir-
onmental conditions are not static but fluctuate
over millisecond time scales. Cryogenic detectors
will enable dynamic studies of such processes,
since their microsecond decay times allow spectral
information can be extracted with tens of milli-
second time resolution. The challenge that cryo-
genic detectors face is if the increase in sensitivity
they provide will be considered sufficiently im-
portant by the biophysics community to justify the
significant time and money investment in low-
temperature equipment.
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