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Abstract. This work demonstrates a method to prepare homogeneous distributions of
analytes to improve data reproducibility in matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry (MS). Natural-air drying processes normally result in
unwanted heterogeneous spatial distributions of analytes in MALDI crystals and
make quantitative analysis difficult. This study demonstrates that inducing Marangoni
flows within drying droplets can significantly reduce the heterogeneity problem. The
Marangoni flows are accelerated by changing substrate temperatures to create
temperature gradients across droplets. Such hydrodynamic flows are analyzed
semi-empirically. Using imaging mass spectrometry, changes of heterogeneity of

molecules with the change of substrate temperature during drying processes are
demonstrated. The observed heterogeneities of the biomolecules reduce as predicted Marangoni velocities
increase. In comparison to conventional methods, drying droplets on a 5 °C substrate while keeping the
surroundings at ambient conditions typically reduces the heterogeneity of biomolecular ions by 65%—80%. The
observation suggests that decreasing substrate temperature during droplet drying processes is a simple and
effective means to reduce analyte heterogeneity for quantitative applications.
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Introduction

Matrix-assisted laser desorption/ionization (MALDI) is an
indispensable technique for mass analyses of analytes
prepared on surfaces [1, 2]. MALDI is highly efficient for
ionizing biomolecules [3-5]. It relies on co-crystallizations of
trace analytes with matrix compounds, but the typical sample
morphology and spatial distribution of analytes are highly
irregular. The heterogeneous analyte distributions result in poor
data reproducibility [2, 6, 7] and make quantification analysis
with MALDI mass spectrometry (MS) difficult [8]. The rea-
sons for a heterogeneous spatial distribution of molecules, or
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heterogeneity defined hereafter, may involve multiple factors
during droplet drying processes, such as physical properties of
solutes [9], viscosity of solutions [10], and hydrodynamic
flows inside droplets [11].

Natural-air drying processes typically result in heteroge-
neous spatial distributions of analytes after drying. The analyte
distributions in MALDI samples have been studied with imag-
ing MS [12-16]. Although some MALDI samples form uni-
form crystal morphologies, they show high ion yields only at
peripheral regions [17, 18]. The irregular ion distribution and
abundant ion signal at sample periphery are known as the
“sweet-spot” [7, 19-21] and “hidden coffee-ring” [11] effects,
respectively. These heterogeneity problems make diagnosis of
molecules with low ionization efficiency even more difficult,
especially for carbohydrates [22-24]. Although fast evapora-
tion [12], concentration adjustment [25], substrate manipula-
tion [11], and electric-induced droplet circulation [26] can
reduce heterogeneity, these methods are not generally
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applicable and may reduce the ionization efficiency of analytes.
Thus, a convenient and general method to reduce the sample
heterogeneity is highly necessary.

The mechanistic details of pattern formation, especially
those responsible for general macroscopic ring-stain for-
mation, have been studied by Deegan et al. [17] and Hu
et al. [27]. The results in those works suggest that internal
outward capillary flows induced by solvent evaporation
carry molecules toward the droplet’s edge. Such outward
capillary flows may responsible for the hidden coffee-ring
effects in MALDI. Such outward capillary flows can be
counterbalanced by recirculation flows, or Marangoni vor-
texes, induced by tangential gradients of surface tension at
droplet’s surface [28]. Although a reduction in the hetero-
geneity of abundent components by Marangoni flows can
be visualized after drying [29], the spatial distribution of
trace components, such as analytes in MALDI, is invisble
and needs further analysis.

This work demonstrates a simple method to reduce the
heterogeneity of MALDI samples for quantitative applications.
The heterogeneity of analytes originally dissolved in matrix
solutions is reduced by temperature-induced Marangoni flows
during drying processes. The drying environment is controlled
at ambient conditions of 1 atm and 25 + 0.8 °C. The only
adjusted parameter is the substrate temperature during drying
processes. The competition between evaporation-driven out-
ward caplillary flows and temperature-induced Marangoni
flows is analyzed theoretically. Changes in heterogeneity of
two model carbohydrates, isomaltotriose (IM3) and a-
cyclodextrin (a-CD), and one protein, angiotensin I (ANG),
are analyzed with MALDI imaging MS. The matrix
compounds involved in this work include 2,4,6-trihydro-
xyacetophenone (THAP) and a-cyano-4-hydroxycinnamic
acid (CHCA). These matrix compounds are used because they
form homogeneous crystal morphologies after drying. The
homogeneous morphologies minimize interference from un-
even crystal structures to the spatial distribution of analytes in
such samples. This is the first attempt experimentally to reduce
the heterogeneity of MALDI samples by temperature-induced
hydrodynamic flows during sample preparation. The results of
imaging MS and quantitative region of interest (ROI) analyses
indicate that decreasing substrate temperature during sample
preparation reduces analyte heterogeneity. The method is sim-
ple and is expected to be effective for quantitative applications.

Experimental

All matrixes and analytes were purchased from Sigma (Sigma-
Aldrich Co., St. Louis, MO, USA). Acetonitrile (ACN, Merck,
Darmstadt, Germany) and deionized water (Milli-Q water
purification system, Millipore, Billerica, MA, USA) were used
to prepare the sample and matrix solutions. THAP and CHCA
were dissolved in 50% and 90% ACN to a concentration of 0.1
M, respectively. Both aqueous sample solutions of IM3 and o-
CD were prepared using deionized water to a concentration of
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10~* M for the case of THAP as the matrix. a-CD was prepared
in 40% ACN to a concentration of 10> M when CHCA was
used as matrix. The high concentration of a-CD in this case is
due to its lower sensitivity with CHCA. ANG was dissolved in
50% ACN to a concentration of 10> M. Equal volumes of
matrix and sample solutions were premixed, and 0.1 uL of the
solution was deposited on MALDI substrate surface for drying.
The morphologies of the dried samples were examined by an
optical microscope (SZX16; Olympus, Tokyo, Japan) before
conducting imaging MS analyses.

The drying process was performed in a 35 x 20 x 45 cm (W
x D x H) acrylic drying chamber, as shown in Figure 1. The
right-hand side of the chamber is a sliding door that is closed
except for solution deposition or when crystallizations are
completed. The drying chamber is purged by room-
temperature nitrogen in a constant flow rate of 10 SCFM to a
relative humidity of 20%—25%, as monitored by a hygrometer.
A copper base block equipped with a programmed constant
temperature water circulator (J-606; Jorfai Co., Hsinchu, Tai-
wan) is installed in the drying chamber to support stainless-
steel MALDI sample plates. The copper base block is able to
regulate the substrate temperature from 5 to 45 °C, with accu-
racy of £0.1 °C. The precise temperature control ensures that
the thermodynamic properties of the droplet can be applied to
theoretical simulations. Sample solutions are deposited on the
sample plate for drying. Before droplet deposition, the relative
humidity within the chamber is carefully controlled to avoid
water condensation on the sample and the substrate surface. A
CCD camera outside the chamber monitors the evaporation
processes. The obtained video files are used to estimate the
evaporation rate.

The ambient and substrate temperatures are monitored with
K-type thermocouples. The ambient temperature at approxi-
mately 1.0-mm above the substrate defines the ambient tem-
perature. This temperature is the boundary temperature for

" nitrogen purging

o—— sliding door

CCD camera

hygrometer

thermometers

j 18.0°C
[5.0oc]

sample plate

ozcopper base

programmed constant temperature circulator
Fig. 1. The schematics of the acrylic drying chamber. The
sliding door to the right of the drying chamber is always closed
except for depositing sample droplets and when crystallizations
are completed
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simulations. The substrate temperatures (7) used include 5, 10,
15, 20, 25, 35, and 45 °C. In the cases of 5-15 °C, the sliding
door is opened after the samples are completely dried, and the
substrate is warmed up to room temperature before being
removed from the drying chamber.

The imaging mass spectrometry analysis is conducted
using a laboratory-made synchronized dual-polarity time-
of-flight imaging mass spectrometer (DP-TOF IMS) that
has been described previously [30]. A pulsed UV laser
beam (349 nm, Explore One; Spectra-Physics Inc., Santa
Clara, CA, USA) examines samples with a fluence of
roughly 80 J/m?. The laser beam is focused by a plano-
convex lens to a circular spot with a diameter of 35 pum.
The pitch of adjacent sampling spots is 40 um. The
spectrum of every spot is the average of five laser shots.
The kinetic energy of ions is 20 keV, and the extraction
delay is optimized for different samples.

Both mass spectrometric images and mass spectra are
analyzed by using software developed in-house. The
signal intensity is normalized for every image, and the
relative intensity is displayed with different colors. For
the numerical region-of-interest (ROI) analysis, every
sample is divided laterally into five concentric layers
with equal annular width, as shown in Section A of
Supporting Information. The five ROIs from the center
to the periphery are defined sequentially from ROI 1 to
ROI 5. The relative signal intensity of ions in the ROI
analysis contains three sets of data obtained under iden-
tical conditions. Relative standard deviations (RSD, in
percentage) are used as the quantitative basis for the
comparison of heterogeneity of samples. In every indi-
vidual set of data, the interference of fine gaps within
sample crystals is eliminated by removing sample spots
if the signal-to-noise ratios of protonated as well as
sodiated matrixes and analytes are below 3.

The average velocity of outward capillary flow induced by
evaporation is derived from the fundamental formulas of evap-
oration flux proposed in literature [18, 31, 32]. In the present
study, the formulas are extended to obtain the average evapo-
ration rate based on the result of a semi-empirical analysis. A
detailed discussion of the calculation is summarized in
Section B of Supporting Information. Finite element modeling
(FEM) for calculating the strength of Marangoni flow is per-
formed using a commercial simulation software (COMSOL
Multiphysics v5.0, COMSOL Inc., Stockholm, Sweden). The
conservations of mass, momentum, and energy are considered
simultaneously. The Marangoni boundary along the surface of
the droplet is also applied to the simulation [28]. The predicted
strength of Marangoni flow is obtained by a two-step correc-
tion process, including the correction for solvent constituent
and an empirical scaling factor of 0.01 suggested by Hu et al.
[33]. The final scaling factor is 0.0088. The interferences of
analytes to the hydrodynamic flow are ignored due to their low
abundances. Section C of Supporting Information describes the
boundary conditions and thermodynamic properties for
simulations.
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Results and Discussion

Simulation of Hydrodynamic Flows in Drying
Droplets

The theoretical analysis provides a thorough insight into the
mechanistic detail of molecular flows under various conditions
inside the drying chamber. Within this chamber, temperature
gradients in droplets can be produced by changing 75 away
from its surroundings. The simulation result shows that flow
fields inside droplets change when temperature gradients with-
in droplets change. Supplementary Figure S1 in the Electronic
Supporting Information Section D shows predicted tempera-
ture gradients within a cross-section of a droplet when keeping
the T at 5, 25, and 45 °C. Notably, the results represent the
conditions at the instants the drying processes start. Since heat
conduction is more efficient via the substrate than heat convec-
tion is through air, the average droplet temperature is near that
of Ts. According to the prediction, the bottom of the droplet in
every case has the identical temperature to 7, and the temper-
ature at the top of the droplet slightly shifts towards the sur-
roundings. Keeping Ts at 5 °C, for example, results in a smooth
increase of temperature from the bottom to the top of the
droplet, in which the top is approximately 0.23 °C warmer than
the bottom (5 °C). When keeping 75 at 45 °C, the temperature
inside the droplets shows curved gradients, and the top of the
droplet is approximately 0.24 °C cooler than the bottom (45
°C). When keeping T at 25 °C while the ambient temperature
is at 24.4 °C (a representative observed condition), the droplet
surface is ~0.01 °C cooler than the bottom.

The decrease in droplet mass is mainly due to the evapora-
tion of solvent molecules near the boundary between liquid,
substrate, and air [17, 27]. This boundary is known as the
contact line of the droplets. In the present study, the boundary
region of the droplet beyond 94% contact line radius defines
the effective contact (E.C.) region. The fast evaporation of
solvent molecules at the surface of this region induces outward
capillary flows within the entire droplet [17, 32]. Since the
speed of evaporation depends on temperature, the velocity of
such outward capillary flows (V) also depends on tempera-
ture. According to the semi-empirical analysis under 7 of 5,
25, and 45 °C, the resultant average V¢ of the entire droplet
(<Ve>) are 5.17 x 1077, 470 x 10°°, and 1.80 x 107 m/s,
respectively. Therefore, slower outward capillary flows under
lower Ts conditions are more easily overcome by other hydro-
dynamic flows.

The velocity of Marangoni flow (V},) inside a droplet de-
pends on the magnitude of the temperature gradient along the
droplet surface [18, 28, 32]. Adjusting 75 away from ambient
temperatures (either upward or downward) increases tempera-
ture gradients and V,. Figure 2 shows magnitudes and direc-
tions of calculated 7, under the three 75 conditions used in
Supplementary Figure S1. Under these conditions, the bottom
and significant part of the subsurface layer of the droplets have
slower V;, (i.e., dark areas in the figures) than the rest of the
area, whereas the droplet surface has the fastest V.
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Fig. 2. The calculated velocity of Marangoni flow inside a
drying droplet while keeping the substrate temperature at 5,
25, and 45 °C. The air above the droplet is kept at ambient
temperature determined experimentally. The color represents
the velocity of Marangoni flow, and the arrows represent the
flow direction. The corresponding Marangoni velocity of the
color is denoted to the right

Based on the results of the calculations, the direction of
Marangoni vortex at any point inside the droplet is different.
It is distinct from the evaporation-induced outward capillary
flows that always pull molecules from the center to the periph-
ery of the droplets [17]. As shown in Figure 2, the Marangoni
vortex in the central area of the droplet is counterclockwise
when the T is kept at 25 and 45 °C. Under these T conditions,
the streamlines of Marangoni flow move from the center to-
wards the E.C. region along the bottom of the droplet. Before
entering the E.C region, the streamlines ascend along the
droplet surface towards the upper part of the droplet and then
return to the bottom. Such a flow field agrees with those
reported in the literature [33-35]. When keeping 7 at 5 °C,
on the other hand, the direction of streamlines of Marangoni
flow reverse and become clockwise; they move from the region
next to the E.C. region toward the droplet center along the
bottom, then ascend to the top and return to the region next to
the E.C. region along the droplet surface. These simulations
suggest that a cold substrate provides superior Marangoni
flows than a hot substrate for recirculation of molecules.

The final flow field within a droplet is the result of compe-
tition between the <V > and the average V), of the entire
droplet (<V,/>). The result of this competition strongly affects
the spatial distribution of molecules after drying. Figure 3
compares the <V> and <V~ when Tg are 5, 25, and 45 °C.
When keeping Tgat 25 °C, the <V, > is 2.22 x 10”7 m/s, which
is only roughly 5% that of <V'=>. Such a slow Marangoni flow
is attributed to insignificant temperature gradient. In fact, with-
in the E.C. region, the average velocity of Marangoni flows is
more than 1800 times slower than that of the outward capillary
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Fig. 3. Comparison of various average flow velocities of the

entire droplet under different substrate temperatures. Black bar:
average Marangoni flow; white bar: average capillary flow

flows when Tg is 25 °C, as illustrated in Supplementary
Figure S2, Section D, Supporting Information. The pre-
diction suggests that outward capillary flows dominate
the drying process when Tg only differs from its sur-
roundings by ~0.6 °C. Thus, the Marangoni flow is
negligible if no temperature change is applied to the
substrate. This result explains reasonably the intense
analyte signal present at the periphery of MALDI sam-
ples reported in the literature [11].

When T decreases, the <V~ increase whereas the <V >
decrease. Under 75= 5 °C, the <V~ is 2.08 % 10°¢ m/s, which
is roughly nine times faster than that at 25 °C. This <V, is
roughly four times faster than the corresponding <V>
(Figure 3), suggesting that the Marangoni flows can overcome
outward capillary flows under this condition. In the E.C. re-
gion, however, the average velocity of Marangoni flow is ~17
times slower than that of the outward capillary flow (Supple-
mentary Figure S2). The result indicates that Marangoni vor-
texes dominate the drying process within the droplet when 7s=
5 °C, even though the outward capillary flow still dominates
the E.C. region. Based on the prediction under this condition,
the Marangoni flows can recirculate molecules within 85%
contact line radius.

In contrast to the result obtained when Ty is 5 °C, increasing
Tg from 25 to 45 °C increase the <V,;/> and <V > simulta-
neously but with different magnitudes. Under 75 = 45 °C, the
<V, increases by approximately 45 times than that under 25
°C. However, the resultant <V;>, 9.93 x 10"® m/s, is still only
55% that of <V=> under the same condition (Figure 3). On the
other hand, the average velocity of Marangoni flows in the E.C.
region is 270 times slower than that of outward capillary flow
in the same region (Supplementary Figure S2). This prediction
suggests that under 7 = 45 °C, the reduction of heterogeneity
of analytes should be less pronounced than that under 7s =5
°C. Therefore, keeping T colder than its surroundings is ex-
pected to provide a better flow field in the droplet than warmer
T for reducing heterogeneity of analytes.
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Imaging Mass Spectrometry and Numerical Region
of Interest Analysis

(a) Imaging MS of analytes prepared with THAP:

Mass spectrometry images are used for qualitative anal-
ysis of heterogeneity. The ion images of trace molecules
co-crystalized with matrix compounds show apparent hid-
den coffee-ring effect when 7 = 25 °C. Figure 4 shows
representative bright field and ion images of various
analytes mixed with THAP and dried under six 7 condi-
tions, namely 5, 10, 15, 20, 25, and 45 °C. The resultant
sample areas are circular shaped with diameters of roughly
1.2—1.7 mm. The crystals prepared under lower T show
more fine gaps than those under higher temperature. Be-
cause matrix crystallization starts from various locations
within a droplet, it rapidly develops multiple crystal do-
mains and gaps between domains presents. Such gaps are
generally observed in MALDI samples and no clear evi-
dence shows that they seriously affect the population of
analytes.

The ion images show various kinds of heterogeneity. In
the case of sodiated 0-CD, a marked hidden coffee-ring effect
occurs when Ty is kept under 25 and 20 °C. Under these
conditions, the ion signal populates mainly within a narrow
area at the periphery, and the central area shows much lower
signal intensity. When decreasing 75 to 15 and 10 °C, the width
of the peripheral area with intense sodiated a-CD signal con-
siderably thickens, and the area of low signal intensity at the

a-CD

sodiated
a-CD

IM3

sodiated
IM3

max min
Fig. 4. Representative bright field and ion images of a-CD,
IM3, and ANG in THAP under different substrate temperatures.
From the left to right, the substrate temperature was 5, 10, 15,
20, 25, and 45 °C. The colored intensity scale bar for the ion
images is shown at the bottom
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center decreases. When decreasing 7 to 5 °C, the sodiated o-
CD shows reasonably high signal intensity over the entire
sample area, although the center is still slightly less intense
than the rest of the area. Notably, increasing T to 45 °C
improves ion population but the density of intense signal
reduces dramatically. The ion population obtained under 7 =
45 °C does not improve data reproducibility.

The images of sodiated IM3 show a similar trend to those
of sodiated a-CD, even though the reduction in heterogeneity
with decreasing T for IM3 is less pronounced. An apparent
hidden coffee ring of IM3 shows when preparing the sample
under T = 25 °C. Reducing 7 to 20 °C improves the signal
intensity at the central area, but the intensity at the periphery is
still higher. When decreasing 75 to 15 and 10 °C, the popula-
tion of high signal intensity spots slightly expands but some
central areas exhibit low intensity. The best image of sodiated
IM3 is obtained with Tg=5 °C, in which neither a low intensity
area nor an apparent aggregation of high intensity spots show.
Increasing T from 25 to 45 °C reduces the density of high
intensity spots of IM3 even while heterogeneity is reduced.
This observation is similar to that of a-CD.

The reduction in heterogeneities with reducing 7' is also
effective for ANG. The images of sodiated ANG are very
similar to the protonated analogues. The reduction in heteroge-
neity is available even with minor changes to 7s. When keeping
Tsat 25 °C, the center and partially the top area of ANG show
low signal intensity. The low intensity area in this case is
attributed to a thin matrix crystal, as shown in the correspond-
ing bright field image; the matrix is an essential element of
ionization reactions in MALDI [36-39]. By just decreasing Tg
to 20 °C, the low intensity area diminishes. Further decreasing
T increases the proportion of high intensity areas. The overall
signal intensity is high when T is 10 and 5 °C, but gaps also
become apparent. The ion images obtained with Tg = 45 °C
results in similar result to those observed with 7 = 10 °C,
except more low intensity areas show with 45 °C. Similar to a-
CD and IM3, keeping 75 at 5 °C results in the largest high-
intensity area for ANG.

(b) Region of interest analysis:

The numerical analysis of the concentric ROI provides
useful information regarding the extent of hidden coffee-ring
effect, as well as the general heterogeneity of analytes. Figure 5
shows the statistical results of ROI analyses of a-CD, IM3, and
ANG prepared with THAP. Every data point contains three
replicate measurements. For every sample and T, the average
signal intensity of ROI is normalized. A general trend is that the
variations of the data sequentially reduce as 75 decrease from
25to 5 °C. The variation obtained with 45 °C is similar to that
with 15 °C even though the trend of the ROI curve with 45 °C
is different to other temperatures. These results agree nicely
with the calculated results.

The most prominent evidence for the presence of hidden
coffee rings is an ascending trend of signal intensity from inner
to outer ROI. Such tends are found for a-CD and IM3 prepared
under most 7. Under T = 25 °C, the intensity at ROI 1 for a-
CD and IM3 is 22% and 35% that of ROI 5, respectively.
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Fig.5. The region of interest (ROI) analysis of MALDI images of
a-CD, IM3, sodiated ANG, and protonated ANG prepared with
THAP on four substrate temperatures; red, green, black, and
blue data indicate samples prepared at substrate temperatures
of 45, 25, 15, and 5 °C, respectively. The error bars are calcu-
lated based on three replicate tests

Decreasing Tgto 15 and 5 °C increases the normalized intensity
of ROI 1 to roughly 50% and 80%, respectively, and the slope
of these curves decrease accordingly. Since smaller slopes
imply less coffee-ring effect, the data suggests that preparing
samples under 75 = 5 °C results in least hidden coffee-ring
effects.

The result of ROI analysis of ANG is distinct from that of
a-CD and IM3. The most significant difference is that the
ascending trends of signal intensity from inner to outer ROI
are less pronounced in the cases of sodiated ANG, and proton-
ated ANG shows descending trends in all cases. Despite show-
ing different trends to the carbohydrates, ANG still show less
signal variations when decreasing 7 from 25 to 5 °C. For
example, the signal variations for sodiated ANG are 44, 25,
and 17% when keeping Tgat 25, 15, and 5 °C, respectively. For
protonated ANG, these values become 54, 37, and 23%, re-
spectively. The data curve of protonated and sodiated ANG
obtained with 7 = 45 °C differs slightly from other tempera-
tures, but the signal variation is similar to those at 15 °C.
Therefore, keeping 75 = 5 °C is still the best condition. The
statistical results indicate that a colder substrate is superior to a
warmer substrate for decreasing heterogeneity of analytes in
MALDI.

(c) Validation with CHCA:

Reductions in heterogeneity are also available when using
CHCA as the matrix. Figure 6 shows representative bright field
and ion images of a-CD prepared with CHCA, as well as the
corresponding results of ROI analysis. The bright field images
show that crystal morphologies are uniform at 20 and 15 °C.
The thickness of samples becomes inhomogeneous and fine
gaps between crystal domains show when T is 10 and 5 °C.
The ion images show high signal intensities at peripheries for
Tg of 25 and 20 °C. Decreasing 75 to 15, 10, and 5 °C moves
the high intensity areas towards the center region. The
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Fig. 6. Representative bright field (upper panel) and ion image
(lower panel) of a-CD in CHCA at different substrate tempera-
tures as well as the results of ROl analysis. The colored intensity
scale bar for the ion signal is shown below the images. Red,
green, black, and blue data of the ROI analysis indicate samples
prepared at substrate temperatures of 45, 25, 15, and 5 °C,
respectively. The error bars are calculated based on three rep-
licate tests

distribution of ion image under 7 = 45 °C is also better than
that under 25 °C. The results of ROI analysis indicate that
apparent hidden coffee rings present under 7= 25 °C. Chang-
ing T efficiently removes the hidden coffee rings and reduces
signal variation. The variations observed with 45, 25, 15, and 5
°C are 14, 29, 17, and 11%, respectively. Again, the best
analyte distribution is obtained with 7 = 5°C.

(d) Reduction of heterogeneity with decreasing substrate
temperature:

A convenient index to quantify heterogeneity is the relative
standard deviation (RSD) of the normalized average intensities
of the five ROIs in every sample. In comparison to the ion
images and statistical ROI analysis, RSD reveals quantitatively
the general heterogeneity. Table 1 summarizes the RSD calcu-
lated using the results of ROI analyses in Figures 5 and 6. In
every case, the RSD obtained with 25, 15, and 5 °C consis-
tently reduces. For instance, the RSD of sodiated analytes
reduces by roughly 40%—50% when decreasing 7s from 25 to
15 °C. Reducing the temperature from 15 to 5 °C further
reduces the RSD of sodiated analytes by 42%—66%. In com-
parison to the result obtained with 7= 25 °C, the reduction in
RSD under Tg =5 °C is very significant. In the cases of a-CD
and IM3 prepared using THAP and CHCA, the RSD reduces
by approximately 80%. The RSD of sodiated and protonated
ANG reduces by 71% and 65%, respectively, with the same
temperature change.

Except in the case of a-CD prepared using THAP, the
RSD obtained with 75 =45 °C in most cases is similar to that
with 15 °C. Although a reduction in heterogeneity is achieved
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Table 1. Relative Standard Deviation (in percentage) Among ROIs in Four
Analyte/Matrix Systems Prepared at Four Substrate Temperatures

Substrate temperature (°C) Relative standard deviation (%)

THAP CHCA

a-CD M3 ANG a-CD

m+Na" m+Na" m+Na" m+H" m+Na"

5 1105 942 677 928 444
15 3288 2346 1268 1700  7.68
25 5487 4466  23.68 2627 1525
45 2173 2059 1294 1949 699
Reduction of RSD 80%  79% 7%  65%  71%

from 25 to 5 °C

by warming up the substrate during drying processes, increasing
Ts by 20 °C above ambient conditions only offers the similar
efficiency to that created by decreasing 7's by 10 °C. This result
implies that the recirculation flow within droplets induced by a
colder substrate is faster and more efficient than that induced by
a warmer substrate with the same temperature difference.
Notably, Marangoni flows induced by the temperature
gradient serve as an effective means to compete with other
natural driving forces influencing the internal flow of analytes.
Other driving forces include analyte adsorption [40], surfactant
contamination [27], inadvertent solvent evaporation [41], and
physicochemical properties of matrixes [28]. However, the
reduction of heterogeneity with Marangoni flows for some
matrixes are less efficient. An example is the samples prepared
using 2,5-dihydroxybenzoic acid (DHB); this matrix forms
apparent crystals at the periphery. Therefore, further improve-
ment is necessary to enhance the hydrodynamic flows for
overcoming the physicochemical phenomenon that lead to a
lack of homogeneity within such matrix solutions. Additional-
ly, a detailed study of changes in ion abundances by the
hydrodynamic effects is planned for subsequent publications.

Conclusions

Marangoni flows within drying droplets induced by changes in
the substrate temperature can redistribute analytes within
MALDI samples. Such Marangoni flows reduce the heteroge-
neity of analytes after drying. The results of systematic imaging
mass spectrometric and the region of interest analyses indicate
that the most significant reduction in heterogeneity is obtained
by decreasing substrate temperature to 5 °C. Under this condi-
tion, the relative standard deviation of the entire measure of the
sample areas is reduced by 65%—80%. The result of theoretical
simulations provide an insight into the mechanism of the
change of hydrodynamic flows under different droplet drying
conditions. By decreasing the substrate temperature to 5 °C
while keeping its surroundings at ~25 °C during the drying
process, the average Marangoni flow within droplets is four
times faster than the outward capillary flows induced by sol-
vent evaporation. This sample preparation method is

Y.-H. Lai et al.: Reduce MALDI Heterogeneity by Marangoni Flow

convenient and generally effective. Such improvements in
spatial distribution of analytes are critically important for iden-
tification and quantification of analytes.
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