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ABSTRACT 
 
Matrix Assisted Laser Desorption Ionization Mass 

Spectroscopy (MALDI MS) is a particularly efficient tool 
for proteomics research and diagnostics with protein 
biomarkers.  Recent innovations in the application of 
inorganic matrices have enabled a reduction in noise and 
concomitant increases in sensitivity.  However, these 
inorganic matrices suggest even powerful new tools may be 
possible.  Presented here are new classes of photonic 
nanodevice and device arrays for biomarker screening by 
laser desorption ionization mass spectrometry. Integration 
of molecular recognition and analysis elements into the 
highly sensitive MALDI technique for biomarker assay and 
discovery, as well as extension to other chemistries 
including small molecules, biopolymers and nanomaterials, 
and the incorporation of these effects into more complex 
device design and integration strategies. 
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1 INTRODUCTION 
 
Matrix Assisted Laser Desorption Ionization Mass 

Spectroscopy (MALDI) has been a mainstay for proteomics 
research and diagnostics with protein and other biomarkers.  
In this method, a chemical (the ‘matrix’) is added to the 
biomarker-containing sample that converts applied radiant 
energy (i.e., a laser) into chemical energy with sample 
ionization and subsequent detection by mass spectroscopy 
[1].  Chemical matrices as a class tend to vary from sample 
to sample in applicability [2] and react alone and/or with 
the sample during the experiment, increasing the noise in 
the experiment [3].   

 
Inorganic matrices are a recent innovation for the 

reduction of matrix-induced noise, particularly <~3k 
Daltons.  A large variety of inorganic nanomaterials have 
been reported as MALDI matrices (i.e., Surface Assisted 
LDI MS or SALDI) each giving an idiosyncratic spectrum 
of response.  Here nanodots, nano-wires and even 
roughened surfaces and imbedded structures harvest and 
convert radiation into the chemical energy of ionization.  
These materials are largely inert to the analytes and 
invisible in the data due to very high effective molecular 

mass.  These examples demonstrated that matrix noise may 
be reduced and gains in sensitivity could be achieved.  
Essentially at the same time, a new technique called 
Surface Enhanced LDI MS or SELDI was also developed.  
This MALDI-variant uses millimeter-scale areas of 
controlled surface chemistry to introduce selectivity to the 
MALDI experiment. [4] For example, a surface 
functionalized to be basic in character would interact more 
strongly with acidic proteins, and retain them after a 
washing step.  Arrays of different surface functionality 
exposed to an analyte mixture, washed and then treated 
with matrix and analyzed give differential data sets which 
can be interpreted computationally to reveal the subtle 
differences revealing biomarkers. [5] 

 
However, developments in templated nano materials for 

molecular recognition [6], separations science [7] and nano-
textured materials for crystallography [8] suggested to us 
that the size and shape parameters of the nanostructure 
might also lend a new, powerful approach to selectivity to 
the Laser Desorption Ionization Mass Spectroscopy (LDI 
MS) experiment.  We hypothesized that by controlling 
biomarker availability and alignment within inorganic 
nano-structures selective arrays could be achieved, 
improving sensitivity and reproducibility of MALDI 
biomarker screening.  By integrating artificial receptor 
technology for specificity with nanostructure-based 
MALDI matrices for sensitivity, this technology leapfrogs 
ahead of previous methods (i.e. SELDI, SALDI, NIMS).  
The semiconductor nanofabrication techniques used to 
make the arrays ensure high precision and reproducibility in 
manufacture and performance.  This hypothesis was 
validated through the fabrication and testing of several 
prototype devices to demonstrate proof-of-concept. [9] 

 
2 EXPERIMENTAL 

 
Silicon wafers were patterned with nanostructure arrays 

printed by lithographic techniques and the patterns were 
transferred in to silicon with fluorinated plasma reactive ion 
etching. The wafers were diced manually with a diamond 
scribe to create identical chips containing array sets.  Chips 
for arrays 0, 1 and 2 were 20 x 10 millimeters in size and 
chips for arrays 3, 4, 5, 6, 7 and 8 were 5 x 10 millimeters 
in size.  The chips were then mounted in a chip holder, 
which for this set of experiments merely served to support 
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the devices.  Chips bonded with epoxy adhesive and also 
with no adhesive (direct chip contact with substrate) were 
tested.  

 
 Protein samples were prepared as 1:10 dilutions of the 

protein standard (dissolved in 60% CH3CN/H2O 
containing 0.001% trifluoroacetic acid) in CH3CN/H2O 
saturated with α-cyanohydroxycinnaminic acid (HCCA).  
The sample used for Arrays 0, 1, 2, 3, and 4 was a new vial 
of Protein Calibration Standard 1 (Bruker Daltonics part 
#206355), and the sample used for Arrays 5, 6, 7 and 8 was 
a new vial of Protein Calibration Standard 2 (Bruker 
Daltonics part #207234).   

 
The diluted protein samples were applied to the chip 

surfaces by drop-casting films from 4 microliters of the 
1:10 dilutions.  Controls for the two experiments were 
prepared as an analogous spot prepared on the native Al 
surface.  Tests without matrix contained α-
cyanohydroxycinnaminic acid.  The chips were then 
allowed to dry in air and loaded into a Bruker Daltonics 
Auto Flex II (Arrays 1, 2, and 3-6) equipped with a 337nm 
N2 laser or a Bruker Daltonics Ultra Flex III (Arrays 0, 7 
and 8) equipped with a 248nm ArF laser.  Laser power was 
adjusted to minimum giving consistent response for the 
control and positive ions from 20 laser pulses were 
collected for each spectrum. 

 
3 PROTOTYPE RESULTS 

 
Our prototype devices were fabricated into a system of 
chips mounted in a chip holder.  The prototypes were then 
probed to determine the performance of the nanostructure 
arrays relative to the Al control spectrum for a sample 
mixture with HCCA matrix. 
 

 
Figure 1. Results of Arrays 0, 3, 4 and aluminum control. 
 

For one prototype (Fig. 1), the sample mixture on the 
Aluminum control (a) shows well resolved peaks for  

Insulin, 1, M+H+ (m/z 5734.5), Cytochrome C, 2, M+2H2+ 
(m/z 6181.0), Myoglobin, 3, M+2H2+ (m/z 8476.7), 
Ubiquitin, 4, M+H+ (m/z 8565.8), Cytochrome C, 5, M+H+ 
(12361.0), and  Myoglobin, 6, M+H+ (m/z 16952.3).   

Array 0 (b) shows clear selection for Insulin and 
elimination of all competing signals except for a trace of 
the Ubiquitin M+H+ signal (this was the strongest signal in 
the control by a factore of more than 2)..   

 
Array 5 (c) shows the complete elimination of both 

myoglobin signals.  Especially notable is the complete 
elimination of the Myoglobin M+2H2+ signal that strongly 
interferes with the Ubiquitin M+H+ signal.  It is also 
notable that the strength of the Cytochrome C M+H+ signal 
is reduced in intensity, relative to the other peaks.  However 
all of the remaining signals, including the Cytochrome C 
M+H+ signal are significantly stronger than the control, 
with the exception of both Myoglobin signal. 

 
 Array 6 (d) gave a qualitatively similar response to 

Array5.  In this case, selectivity improved giving sharpened 
contrast between the eliminated myoglobin and retained 
Cytochrome C M+H+ signals. As seen in Array 5, Array 6 
filtered the signal for Myoglobin from the signal for 
Ubiquitin.  However it was also observed that array 6 gave 
a significantly stronger signal than Array 5 and the control, 
by approximately 400%. 

 
The trend from Array 0 was seen in earlier experiments 

with arrays 1 and 2 (Fig. 2). For both Arrays 1 and 2, the 
signal strengths of the peaks associated with Myoglobin 
and Cytochrome C were substantially reduced relative to 
those of the control.  In the case of Array 2, these peaks 
were completely eliminated. However only, a minimal 
impact from these two arrays was noted on the signal for 
Ubiquitin.  Also notable was an overall decrease in signal 
strength across the sample, not seen in Array 0. 
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. Results of Arrays 1, 2 and aluminum control. 

The Array 1 was tested without matrix to probe for 
performance of the nanostructures themselves 
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(Fig.3).  While overall intensities were reduced relative to 
the positive control (protein with HCCA on Al), the signal 
for Ubiquitin was easily resolved, and performance 
mirrored that of Array 1 in the presence of matrix.  It is 
notable that the negative control (protein on Al with no 
HCCA) gave no discernable performance.  Analogous 
experiments with Array 0 have not been performed.  Array 
2 gave poor response. 
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Daltons.  Array 7 clearly selected for and eliminated the 
Trypsinogen signal while retaining the signals for the other 
proteins with again  changes in the detected impurity profile 
below 22000 Daltons.  Array 8 behaved analogously to 
Array 6, essentially eliminating the signals for both 
Trypsinogen and Albumin, again with unique perturbations 
in the detected impurity profile below 22000 Daltons. 

 
4 DISCUSSION 

 
Across the prototypes studied to date, two basic 

functions have been noted.  Arrays may be selective for 
protein targets, eliminating competing signals and/or 
amplifying the target signal, or may be selective against 
targets, reducing or eliminating target signals relative to the 
remainder of the spectrum.   

 
The best example for the first effect was noted for the 

selectivity of Array 0 for the diabetes biomarker Insulin.  
This effect may be modulated as seen in moderated 
response for Arrays 1 and 2.  This is interpreted as 
improved alignment for energy transfer and ionization in 
the array for the target to the exclusion of the other 
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Figure 3.  Performance of Array 1 with no matrix 

dditional prototype testing was conducted with larger 
eins (Fig. 4). The sample mixture on the Aluminum 
rol (a) shows well resolved peaks for Protein A, 1, 
H2+ (m/z 22307), Trypsinogen, 2, M+H+ (m/z 
2), Bovine Albumin, 3, M+2H2+ (m/z 3300), and 

ein A, 4, M+H+ (m/z 44613).  Below 22000 Daltons, 
urities ascribed to degradation products were noted 
ws indicate signals changing across arrays 5-8. 

proteins. The second effect, best seen in selectivity for the 
heart disease biomarker Myoglobin and cancer biomarker 
Trypsinogen in, respectively, Array 4 and Array 7, is 
interpreted as a very good fit of the protein for the 
nanostructure, limiting its availability when ionized to 
detection.  This effect may also be modulated as observed 
in Array 3 and in Arrays 6 and 8. 

 
These effects are believed to be analogous to other 

examples of artificial receptors, where binding sites are 
templated in separations media, membranes and other 
materials.  However this is the first known report of an 
protein selective artificial receptor coupled to mass 
spectrometry. These abiotic receptors coupled to photonic 
nanodevices achieve MALDI results previously noted only 
for affinity methods employing biomolecules recognition 
elements.  The applicability of this method to selective 
detection of other biomolecules, small molecules, polymers 
and nanomaterials is currently under investigation. 
 

  

5 SUMMARY 
The hypothesis that inorganic nanostructures may show 

selectivity for particular protein biomarkers based on their 
size and shape characteristics has been upheld with the 
initial data collected from our first prototype devices.  In 
this study we have shown two complimentary modalities of 
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rray 5 gave a spectrum for the test proteins similar to 
ontrol, with changes noted in the detected impurity 
ile below 22000 Daltons.  Array 6 eliminated the signal 
rypsinogen and gave a decreased response to Albumin 
 changes to the detected impurity profile below 22000 

  selection and have shown how these have been used to 
analyze Insulin (well known for its role in diabetes), 
Myoglobin, a well known biomarker for heart disease and 
Trypsinogen, a biomarker for some cancers. [10] 

 
 
 
 

NSTI-Nanotech 2008, www.nsti.org, ISBN 978-1-4200-8504-4 Vol. 2 583



REFERENCES 
 

1) Michael G. Gravett, Archana Thomas, Kimberly A. 
Schneider, Ashok P. Reddy, Surendra Dasari, 
Thomas Jacob, Xinfang Lu, Matthew Rodland, 
Leonardo Pereira, Drew W. Sadowsky, Charles T. 
Roberts, Jr., Miles J. Novy, and Srinivasa R. 
Nagalla  “Proteomic Analysis of Cervical-Vaginal 
Fluid: Identification of Novel Biomarkers for 
Detection of Intra-amniotic Infection” J. Proteome 
Res., 6, 1, 89, 2007 http://pubs.acs.org/cgi-
bin/sample.cgi/jprobs/2007/6/i01/html/pr060149v.h
tml  

2) Lennard J. Dekker, Johannes C. Dalebout, Ivar 
Siccama, Guido Jenster, Peter A. Sillevis Smitt, 
Theo M. Luider “A new method to analyze matrix-
assisted laser desorption /ionization time-of-flight 
peptide profiling mass spectra” Rapid 
Communications in Mass Spectrometry 19, 7, 865, 
2005 http://www3.interscience.wiley.com/cgi-
bin/abstract/109930396/ABSTRACT?CRETRY=1
&SRETRY=0  

3) Xiangping Zhu, Ioannis A. 
Papayannopoulos,”Improvement in the Detection of 
Low Concentration Protein Digests on a MALDI 
TOF/TOF Workstation by Reducing alpha-Cyano-
4-hydroxycinnamic Acid Adduct Ions” Journal of 
Biomolecular Techniques, 14, 4, 298, 2003 
http://jbt.abrf.org/cgi/content/full/14/4/298  

4) Akos Vertes, “Soft Laser Desorption Ionization- 
MALDI, DIOS and Nanostructures”, Ch. 20, “Laser 
Ablation and its Applications”, Springer Science & 
Business Media LLC, Claude Phipps Ed., 505, 2007 
http://www.springerlink.com/index/e358p82787085
825.pdf ; Trent R. Northen, Oscar Yanes, Michael 
T. Northen, Dena Marrinucci, Winnie Uritboonthai, 
Junefredo Apon, Stephen L. Golledge, Anders 
Nordström, Gary Siuzdak “Clathrate nanostructures 
for mass spectrometry” Nature 449, 1033, 2007. 
http://www.nature.com/nature/journal/v449/n7165/f
ull/nature06195.html ; Yong Chen, Guanghong 
Luo, Jiajie Diao, Olesya Chornoguz, Mark Reeves, 
Akos Vertes “Laser desorption/ionization from 
nanostructured surfaces: nanowires, nanoparticle 
films and silicon microcolumn arrays” Journal of 
Physics: Conference Series 59, 548, 2007 
http://www.iop.org/EJ/abstract/1742-6596/59/1/117  

5) Dawn J Mazzatti, Graham Pawelec, Robin Longdin, 
Jonathan R Powell. Rosalyn J Forsey “SELDI-
TOF-MS ProteinChip array profiling of T-cell 
clones propagated in long-term culture identifies 
human profilin-1 as a potential bio-marker of 
immunosenescence” Proteome Science 5,7 2007, 
http://www.proteomesci.com/content/5/1/7/abstract/ 
; Keith A. Baggerly, Jeffrey S. Morris and Kevin R. 
Coombes “Reproducibility of SELDI-TOF protein 
patterns in serum: comparing datasets from 

different experiments” Bioinformatics 20, 5, 777, 
2004 
http://bioinformatics.oxfordjournals.org/cgi/reprint/
20/5/777.pdf ;  

6) Turner NW, Jeans CW, Brain KR, Allender CJ, 
Hlady V, Britt DW “From 3D to 2D: a review of 
the molecular imprinting of proteins.” Biotechnol 
Prog. 22, 6, 1474, 2006 
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubm
ed&Cmd=ShowDetailView&TermToSearch=1713
7293&ordinalpos=7&itool=EntrezSystem2.PEntrez
.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSu
m ; David E Hansen, “Recent developments in the 
molecular imprinting of proteins” Biomaterials, 28, 
29, 4178, 2007 
http://www.ncbi.nlm.nih.gov/sites/entrez?tmpl=No
Sidebarfile&db=PubMed&cmd=Retrieve&list_uids
=17624423&dopt=AbstractPlus  

7) Katiyar. A., Pinto. N. G., Visualization of Size-
Selective Protein Separations on Spherical 
Mesoporous Silicates,  Small, 2, 644, 2006 
http://alpha.che.uc.edu/~neville/Fibrous.pdf  

8) S. Stolyarova, E. Saridakis, N. E. Chayen, Y. 
Nemirovsky, “A Model for Enhanced Nucleation of 
Protein Crystals on a Fractal Porous Substrate” 
Biophys. J., 91, 3857, 2006 
http://www.biophysj.org/cgi/content/abstract/91/10/
3857 ; Rong L, Komatsu H, Yoshizaki I, Kadowaki 
A, Yoda S. Protein crystallization by using porous 
glass substrate. J Synchrotron Radiat.;11, 27, 2004 
http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubM
ed&cmd=Retrieve&list_uids=14646126 

9) Patents pending: 6095674 and 60975680 
10) Stephanie J. Williams, David C. Gotley, Toni M. 

Antalis “Human trypsinogen in colorectal cancer” 
International Journal of Cancer, 93, 1, 67, 2001 
http://www3.interscience.wiley.com/cgi-
bin/abstract/78505402/ABSTRACT?CRETRY=1&
SRETRY=0 ; Reichlin M, Visco JP, Klocke FJ  
“Radioimmunoassay for human myoglobin. Initial 
experience in patients with coronary heart disease” 
Circulation 57, 1, 52, 1978 
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pubm
ed&uid=562727&cmd=showdetailview&indexed=g
oogle ; Åke Tenerz, Anna Norhammar, Angela 
Silveira, Anders Hamsten, Göran Nilsson, Lars 
Rydén, Klas Malmberg “Diabetes, Insulin 
Resistance, and the Metabolic Syndrome in Patients 
With Acute Myocardial Infarction Without 
Previously Known Diabetes” Diabetes Care 26, 
2770, 2003 
http://care.diabetesjournals.org/cgi/content/abstract/
26/10/2770  

11) Sincere thanks to Gary Kruppa and Gongyi Shi of 
Bruker Daltonics, Srinivasa Nagalla and Kim 
Schneider  of ProteoGenix for MALDI instruments 
access and Michael Rattner of Advanced MEMS 

NSTI-Nanotech 2008, www.nsti.org, ISBN 978-1-4200-8504-4 Vol. 2584




