
Light-Directed, Spatially Addressable Parallel 
Chemical Svnthesis 

Solid-phase chemistry, photolabile protecting groups, 
and photolithography have been combined to achieve 
light-directed, spatially addressable parallel chemical syn- 
thesis to yield a highly diverse set of chemical products. 
Binary masking, one of many possible combinatorial 
synthesis strategies, yields 2" compounds in n chemical 
steps. An array of 1024 peptides was synthesized in ten 
steps, and its interaction with a monoclonal antibody was 
assayed by epifluorescence microscopy. High-density ar- 
rays formed by light-directed synthesis are potentially 
rich sources of chemical diversity for discovering new 
ligands that bind to biological receptors and for elucidat- 
ing principles governing molecular interactions. The gen- 
erality of this approach is illustrated by the light-directed 
synthesis of a dinucleotide. Spatially directed synthesis of 
complex compounds could also be used for microfabrica- 
tion of devices. 

T HE REVOLUTION I N  MICROELECTRONICS HAS BEEN MADE 

possible by photolithography, a process in which light is 
used to spatially direct the simultaneous formation of many 

electrical circuits. We report a method that uses light to direct the 
simultaneous synthesis of many different chemical compounds. 
Synthesis occurs on a solid support. The pattern of exposure to light 
or other forms of energy through a mask, or by other spatially 
addressable means, determines which regions of the support are 
activated for chemical coupling. Activation by light results from the 
removal of photolabile protecting groups from selected areas (Fig. 
1). After deprotection, the first of a set of "building blocks" (for 
example, amino acids or nucleic acids, each bearing a photolabile 
protecting group) is exposed to the entire surface, but reaction 
occurs only with regions that were addressed by light in the 
preceding step. The substrate is then illuminated through a second 
mask, which activates a different region for reaction with a second 
protected building block. The pattern of masks used in these 
illuminations and the sequence of reactants define the ultimate 
products and their locations. The number of compounds that can be 
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synthesized by this technique is limited only by the number 
synthesis sites that can be addressed with appropriate resolution. 
Combinatorial masking strategies can be used to form a large 
number of compounds in a small number of chemical steps. 
Moreover, a high degree of miniaturization is possible because the 
density of synthesis sites is bounded only by physical limitations on 
spatial addressability, in this case the diffraction of light. Each 
c&npound is accessible and its position is precisely known. Hence, 
its interactions with other molecules can be assessed. 

Spatially localized photodeprotection. Spatially localized sub- 
strate activation can be accomplished by photolithographic tech- 
niques. Amino groups at the ends of linkers attached to a glass 
substrate were derivatized with nitroveratryloxycarbonyl (NVOC), 
a photoremovable protecting group (I). Photodeprotection was 
effected by illumination of the substrate through a mask (a 100 ym 
by 100 ym checkerboard) with alternating opaque and transparent 
elements. The free amino groups were fluorescently labeled by 

- - 

treatment of the entire substrate surface with fluorescein isothiocya- 
nate (FITC). The substrate was then scanned in an epifluorescence 
microscope. The presence of a high-contrast fluorescent checker- 
board pattern with 100 pm by 100 pm elements (depicted in red in 
Fig. 2) reveals that free amino groups were generated in specific 
regions by spatially localized photodeprotection. 

Light-directed peptide synthesis. Light-directed synthesis of two 
pentapeptides was carried out as outlined in Fig. 3. The l-hydroxy- 
benzotriazole (H0Bt)-activated ester of NVOC-Leu (NVOC-Leu- 
OBt) was allowed to react with the entire surface of a substrate that 
had previously been derivadzed with amino functional groups. After 
removal of the NVOC protecting group by uniform illumination, the 
substrate was treated with NVOC-Phe-OBt. Two repetitions of this 
cycle with NVOC-Gly-OBt generated a substrate containing NVOC- 
GGFL across the entire surface (2). Spatially localized photodepro- 
tection was then performed through a 50-pm checkerboard mask. The 
surface was then-treated with ~itert-butvloxv carbonvl-0-tea-butvl- , , 
L-tyrosine. Finally, the surface was uniformly illuminated to photolyze 
the remaining NVOC-GGFL sites and treated with NVOC-Pro-OBt. 
After removal of the protecting groups, the surface consists of an array 
of H,N-Tyr-Gly-Gly-Phe-Leu (YGGFL) and H2N-Pro-Gly-Gly-Phe- 
Leu (PGGFL) peptides in 50 ym by 50 pm elements. 

Antibody recognition of the peptide pattern. The pentapeptide 
array was probed with a mouse monoclonal antibody directed 
against p-endorphin. This antibody (called 3E7) binds YGGFL and 
YGGFM with nanomolar affinity ( 3 )  and requires the amino- 
terminal Tyr for high-affinity binding. A second incubation with 
fluorescein-labeled goat antibody to mouse was used to detect 
regions containing bound 3E7. As shown in Fig. 4, a high-contrast 
(> 12: 1 intensity ratio) fluorescence checkerboard imageshows that 
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5. 1. Conapt of light- spatially addressable pprallel chemical 
synthesis. A substrate S bevs amino groups that are blocked with a 
photolabile pmcdng group X Ihmhation of spcci6c regions through a 
lithographic mask M, kads to phocodeprotccton. Amino groups in the 
exposed scccor ofthe subsaatc are now accessible for coupling (fbr example, 
by the Mcrri6idd solid-phasc p+& synthdi method). Thc first chunid 
buildiag block A containing a photolabile grwp X is then 
attached. A ditferrnt mask M, is used to photoamvate a diffacnt rrgion of 
the subsaatc. A second kbckd group X-B is added and joined to the newly 
exposed amino groups. Additional cydes of phocodepcotecrion and coupling 
are~edouttoobtainthedes'isetofproducts. 

(i) YGGFL and PGGFL were synthesized in alternate 50-pn 
squares, (ii) YGGFL attached to the surfice is accessible for b i i  
to antibody 3E7, and (iii) antibody 3E7 does not bind at the 
PGGFL locations. 

A three-dimensional (3-D) representation of the fluorescence 
intensity data in the ch- pattern (Fi. 5) shows that the 
border between synthesis sites is sharp. The height of each spike in 
this display is linearly proportional to the integrated fluorescence 
intensity in a 2.5-pn pixel. The transition between PGGFL and 
YGGFL occurs within two spikes (5 pn). l'here is little variation in 
the fluorescence intensity of &rent YGGFL squarcs. The mean 
intensity of 16 YGGFL synthesis sites was 2.03 x 105 counts, and 
the standard deviation was 9.6 x lo3 counts. 

Comb- synthesis swaegies. In a lightdimred chemical 
synthesis, the products formed depend on the pattern and order of 
masks and on the order of reactants. For example, consider the 
fbur-step synthesis shown in Fig. 6a. The reactants are the ordered 
set {A,B,C,D}. In the first cycle, illumination through mask m, 
activates the upper half of the synthesis area. Building block A is 
then added to give the product distribution shown. Ihmhation 
through m, (which activates the lower half) Mowed by addition of 
B yields the next intermediate stage. Building block C is added after 
illumination through m3 (which activates the left half), and D is 
added after illumination through m4 (which activates the nght half) 
to yield the final product set {AC,AD,BC,BD}. 

Extension of the above strategy can then be applied to a large set 
of building blacks. For example, consider fonning the complete set 
of 400 possible dipeptides from the set of 20 L-amino acids. As 

shown in Fig. 6b, the synthesis would consist of two synthesis 
rounds with 20 coupling cycles per round. In cycle 1 of the first 
round, mask 1 activates 1120th of the substrate for coupling with the 
first of 20 amino acids. An additional 19 illumination and coupling 
cydcs are raquired to complete round 1. The substrate now consists 
of 20 rectangular snipes each bearing a didnct member of the 20 
amino acids. The masks of round 2 are perpendicular t o  round 1 
masks and therefore a single illumination-coupling cycle in round 2 
yields 20 dipeptides. The other 19 cycles in round 2 complete the 
synthesis of dx 400 dipeptides. In this combinatorial synthesis 
strategy, the total number of compounds synthesized (k) would be 
k = a', where the length (1) of the peptides is 1 = n/a, n is the number 
of cycles, and a is the number of chemical building blocks. For 
example,ifa=20andl=5,thenn= 1 0 0 a n d k = 3 . 2 ~  1@. 

We develop a general formalism below to describe the combii- 
tonal strategy fot ai~y spatially addressable chemical synthesis. The 
synthesis can be conveniently represented in matrix notation. At 
each synthesis site, the decision to add a given monomer is 
inherently a b i i  process. Thedore, each product element Pj is 
given by the dot product of two vectors, a chemical reactant vector 
C = [A,B,C,D] and a binary vector a,, which we term a switch 
vectort because-it determi& whethe; a reactant appears in a 
particular product (PI = Cvj). Inspection of the products in the first 
example of Fig. 6 shows that a, = [1,0,1,0], a, = [1,0,0,1], a, = 
[0,1,1,0], and u4 = [0,1,0,1]. We can now build a switch matrix S 
from the column vectors aj ( j  = l,k, where k is the number of 
prod-). 

5 . 2 .  Spatially localked photodepnndon and ftuorrsccnt I?beling. Glass 
microscope slides were d ~ c d ,  aminated by treatment with 0.1% amino- 
pmpylukthoxyssilvlc in 95% ethanol, and incubated at 110°C for 20 min. 
The aminatd surEKe of the slide was then exposed to a 30 mM solution of 
the N-hydroxysuccinimide csar of NVOGGABA (nitmveraayloxycv- 
bonyly-amino butyric acid) in dimethyhmamide (DMF). 'Ihc NVOC 
pmtc&ng grwp was photolyticaUy removed by imaging the 365-nm output 
from a mercury an: lamp through a drrome-on-glass 100-@I ch- 
mask onto the substrate for 20 min at a powa density of 12 mW/anZ. The 
&dcewasthenmtedwithlmM~inDMF.Thcsubte 
~ w a s s c a n n e d w i t h a n e p ~ ~ c c m i c m s c o p e  (ZeissAxioskop20, 
488-nm excitation from an veon ion laser. S0ear;l-Phvsics model 2025). 
The ftuocescence emission a& 520 nm w&'dacncd bv a cooled pha& 
multiplia (Hamamatsu 943-02) o p t e d  in a photon-counting -mode. 
F l u o n  htensitV was translated into color as shown on the scale on the 
right (red is the hidest intensity). 
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Sixteen four-bit vectors exist, [0,0,0,0] to [1,1,1,1]. Hence, a 
maximum of 16 different ~rodu& can be made. ~hesk  16 column 

0 1 0  1 
The outcome P of a synthesis is simply P = C S, the product of the 
chemical reactant matrix and the switch matrix. 

The switch matrix for an n-cyde synthesis yielding k products has 
n rows and k columns. A kev attribute of S is that each row s~ecifies 
a mask. A 2-D mask m, for ;he jth chemical step of a synthgis may 
be obtained directly from the jth row of S by placing the elements 
+,, . . . + into square format (4) 

For example, the masks in Fig. 6a are then denoted by: 

where 1 denotes illumination (activation) and 0 denotes no illumina- 
tion. 

The matrix representation makes it easy to define the masks that 
generate a desired set of products. Each compound is defined by the 
product of the chemical vector and a partidar switch vector. 
Therefore. for each synthesis address. a switch vector is chosen. all of 
the swi& vectors &e assembled into a switch matrix, and each of 
the rows is extracted to form the masks. The matrix representation 
also suggests ways of conducting a synthesis to g& particular 
product distributions or a m d  number of products. For exam- 
ple, for C = [A,B,C,D], any switch vector (9) consists of four bits. 

X X X X  

f f y y  
G G G G  
G G G G  

, F F F F  
L L L L  

+ 
a) hv; x-L 

b)hv;  X-F 

c) hv; X-G 

d )  hv; X-G 

vectors can be assembled in 16! different ways to form a switch 
matrix. The order of the column vectors defines the masking 
patterns and therefore the spatial ordering of products, but not the; 
makeup. One readily visualizable ordering of these columns gives a 
binary switch matrix: 

Note h t  the columns of S are the b i  representations of the numbers 
15 to 0. The 16 procturrs ofthis bisynthes i s  are ABCD, ABC, ABD, 
AB, ACD, AC, AD, A, BCD, BC, BD, B, CD, C, D, and 0 (null). Also 
note that each ofthe switch vectors fkom Fig. 68 (and hence the synthesis 
pducts) are present in the four-bit b i  switch matrix. 

The rows of the binary switch matrix have the property that each 
masking step illuminates one half of the synthesis area. Each 
masking step also factors the preceding masking step. The half 
region that was illuminated in the preceding step is again illuminat- 
ed, whereas the other half is not, and the half region that was 
unilluminated in the preceding step is also illuminated, whereas the 
other half is not. Thus masking is recursive. The masks are con- 
structed, as described above, by extracting the elements of each row 
and placing them in a square m y .  

The recursive factoring of masks suggests that the products of a 

hv 
light-directed synthesis can be represented by a polynomial (5). For 

~~~k example, the polynomial corresponding to Fig. 6a is 

X X X X  
1 1 1 1  

G G G G  
G G G G  
F F F F  
L L L L  

P  P Y  Y  
G G G G  
G  G G G  
F F F F  . . .  

L L L L  

Flg. 3. Experhntal scheme for light-dkad peptide synthesis. (a) Cuboxy- 
activated NVOCLeu was allowed m react with an &mhated s u b s m ~ ~ .  Ihc 
carbaxy-aaivad HOBt (1-hy-le) ester of Leu and other 
aminoacidsusedinthissyn~wasfomKdbymbringO.25mmolof~ 
NVOC amino-pmtect+ amino acid with 37 mg HOB& 111 mg of BOP 
I b e n z o a i a z d v l - n - o ~ ~ - m ( ~ ~ ) - p h o s ~ u m  ~~- 
bhate], and 86 pl o f ~ d  (dik$ropyktk&am&) in 2.5 ml of DMF. (bj The 
NVOC  rotat tine 0.ou~ was removed bv Unaonn illumination as described in 
Fig. 2, A d  NV=P~;OB~ was coupkh m the aposed amino groups for 2 
hours at room temperature and then washed with DMF and methykne 
&ride. (C and d) Two cydes of phomdepmedon and coupling with 
NVOCGly-OBt were canied out. The surface was then ihminated through a 
50-pm chedraboard mask (e) Cuboxy-activated Nu-tert-butyioxy 
carbonyi-Otert-bql-~-tyrosmc was then added. (1) The entire surface was 
uniformly ihmhated m phomlyze the rrmaining NVOC groups. F*, 
NVOCPro-OBt was added, the NVOC p u p  was removed by dlummahon, 
and the tert-butyloxy carbony1 and tert-bu$ pktecting groupswere removed 
with tr&mroacxtic acid WA) .  These steps lead m a ch- pattern of 
the pcnqeptides P G G F ~  and YGGFL. - 

Fig. 4. Fluorescent antibody detection of the YGGFL chcdrcrboard payrn. 
The array of peptides formed as desaibed in Fig. 3 was incubated ynth a 
2-&ml mouse monodona1 antibody (3E7) known m rrcognize YGGFL 
(3); 3E7 does not bind PGGFL. A second incubation with fluorescein- 
labeled goat antibody m mouse labeled the regions that bound 3E7. The 
surface was scanned with an epifhorescence microscope as described in Fig. 
2. The fluorescence intensity scale is shown on the right. The alternating 
bright and dark 50-km squares show that YGGFL and PGGFL were 
synthesized in a geometric array determined by the mask depicted in Fig. 3. 
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We can expand a lpaction polynomial as though it war an algebraic 
~ o n , p r a v i d e d t h a t t h e o r d a o f p ~ o f ~ X l a n d x , i s  
pmuved,thatis,Xl andX2atrnotcomm&(XlX2 #X.J1).'Ihe 
produa then is AC + AD + BC + BD. The pdymmial explicitly 
sparifiesthe~anslimplicidyspecifiesthemaskheach~.Each 
pair of paretrdkeses cEemarcahs a round of synthesis. l k  dKmical 
m c t a m s o f a r o u n d ( h e x a m p l e , A a n d B ) r r a a a t ~ i s i t e s  
andhemecannotcombimwithontanorher.TheThtsvndrcsisis 
divided equally among the elemam of a round (h'cxample, A is 
didtoonthalfofthesvndrcsisandBtotheothahalf).Hcnce,the& 
withinaround(fbremmpk,the~mAandmB) atroahagonaland 
fbrmanoahonormalsa.'Ihepdymmialnocationakosignificsthat 
eachdamrrtinaroundistobepinadtoeashekmetltofthenextround 
(harampSAwithC,AwithD,BwithC,dBwithD).Thisis 

The polynomial representation of the b i i  synthesis described 
above, in which 16 products are made from 4 reactants, is 

which gives ABCD, ABC, ABD, AB, ACD, AC, AD, A, BCD, BC, 
BD, B, CD, C, D, and 0 when expanded (with the ruk that 0 X  
= X and X@ = X, and remembering that joining is ordered). In a 
b i i  synthesis, each round contains one reactant and one null 
(denoted by 0 ) .  One half ofthe synthesis area receives the reactant, 
and the other half d v e s  nothing. Each mask overlaps every other 
mask to an equal extent (6). 

Binary syntheses are attractive fbr two reasons. F i  they gener- 
ate the maximal number of products (2") fbr a given number of 
chemical steps (n). For tinu reactants, 16 compounds are formed in 
the b i i  synthesis, whereas only 4 are made when each round has 
two reactants. A 10-step b i i  synthesis yields 1,024 compounds, 
and a 20-step b i i  synthesis yields 1,048,576. Sccond, products 
formed in a b i i  synthesis are a complete nested set with lengths 
raagingfromOton.Allofthecom~thatcanbefbrmedby 
deleting one or more units from the longest product (with n units) 
are present. Contained within the b i i  set are the smaller sets that 
would be formed from the same reaaants with the use of any other 

YGGFL 
L 

Flg. 5. - i  rrp-escnntion of the dKdraboPrd ~ n y  of 
YGGFL and PGGFL. Fluomana intensity data shown by wlor in Fs. 4 
w g ~ c o n d i n m s p k ~ t s t h z t u c ~ d m ~ n u m b a o f  
counts deacad from 2.5-pm square pixcls. nK spikes uc also wlor coded. 

set of masks (for example, AC, AD, BC, and BD formed in the 
synthesis shown in Fig. 6 are present in the set of 16 fbrmed by the 
binary synthesis). The only potential disadvantage of a b i i  
synthesis is that the experimentally achievable spatial resolution may 
not d c e  to a- all of the compounds formed. There- 
f m ,  practical limitations may requk one to select a particular 
subset of the possible switch vectors for a given synthesis. 

Ten-step binary peptide synthesis. The power of the b i i  
masking strategy can be appreciated by the outcome of a ten-step 
synthesis that produces 1024 peptides. 'Ihis synthesis is represented 
in polynomial notation by (2,7) 

'Ihe kngths of the peptides synthesized are given by the binomial 
distribution. The number of peptides synthesized is 1,10,45,120, 
210,252,210,120,45,10, and 1 for lengths ranging from 0 to 10 
amino acids, respectively (the mean is 5). 

A fluomcence scan of the resulting peptide array after antibody 
staining is shown in Fig. 7a. The 32 by 32 peptide array (1024 
peptides) is dearly evident. h c h  synthesis site is a 400-pn by 
400-pn square. The identityofthe peptide in each square can be 
asoMained by examhbg the coordinate map shown in Fig. 7b. The 
scan shows a range of f l u o m c e  intensities, from a background 
value! of3,300 counts to 22,400 counts in the brightest square (x = 
20 and y = 9). Only 15 compounds exhibit an intensity p t e r  than 
12,300 counts. The median value of the array is 4800 counts. 

It would be Qs'ible to deduce a binding a9inity of a given 
peptide from the measured hrescence intensity. Concepndy, the 

Cycle 1 rn * A +  

Cycle 2 

400 Dimers 

~ & ( a ) ~ u r e d m ~ i z c A C , A D , B C , u l d B D f i o m ~ A ,  
B,C,uldD.Tbesyn~~istsofh~isuldchanical~ling 
cydcs. (b)Extcnsionofthclbovemaskiagmatcgyfbrthsymhesisofall 
400dipcpddcsftomthe20nuuny.~amino&ds.nKsyndKs'i  
~istsofcwomunds,with20photdyslsandchanidwuplingcydcspa 
rwnd.Inthefirstcy&ofroundl,rmsLllctivvcsl~ofthe~bsatc 
~cauplingwiththefirstof20aminoacids.Niisubacqrrcntillumi- 
nationcoupling cydcs in round 1 yield a substrate wnskting of20 ratan- 
guhrstripesachbevingadistinamanbaofth20vnino&ds.nK 
m a s k s o f c o u n d 2 u c ~ c u l v t o ~ d l  masks,ulddmrforrasingk 

in mund 2 yidds 20 die&. Tw- illumi- 
nation- o f r o u n d 2 w m p k n t h e s y n ~ i o f t h e 4 0 0  
dipcpddcs. 
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simplest case is one in which an univalent rrceptor binds to a single 
peptide. The fluorrsccncc scan is carried out aftcr the slide is washed 
with buffer for a &ed time. The order of fluoresce!nce intensities 
is then primarily a measure of the relative dkociation rates of the 
antibody-peptide complarcs. If the on-rabc constantp are the same (for 
example, if they are diEusion-controIled), the order of ftuorescare 
intensities cormponds to the order of binding a5jnitics. H o w ,  the 
situation here is more complex because a biMknt primary antibody 
andabivakntsecoduyantibodywaeused.Thedensiiofpeptides 
in a synthesis area corresponded to a mean separation of -7 nm, 
which would allowmultkknt antibody-@& in-=. Hence, 
the h m a n c c  intensities depicted in Fig. 7a should be rrgardcd as 
qualitative indicato~s of b i  aikity (8). 
Another important considexation is the fidelity of synthesis. 

Deletions are produced by incomplete photodeprotedon or incom- 
plete coupling. nK net coupling yield per cycle in these apaiments 
is typically between 85 and 95 percent (9). hplemedng the switch 
ma& by masking is imperfect because of light diflktion, internal 
dea ion ,  and scatrcring. Consequently, "stowawaysn (chemical 
units that should not be incorporated) arise by unintended illumi- 

nation of regions that should be dark. A binary synthesis array 
contains many ofthe internal controls needed to assess the fidelity of 
a synthesis. For example, the fluorescence signal from a synthesis 
area nominally containing a tetrapeptide ABCD could come from a 
tripeptide deletion impurity such as ACD. Such an artifact would be 
ruled out by the finding that the f l u o m c e  intensity of the ACD 
site is less than that of the ABCD site. 

The fifteen most highly labeled peptides in the array shown in Fig. 
7a are YGAFLS, YGAFS, YGAFL, YGGFLS, YGAF, YGALS, 
YGGFS, YGAL, YGAFLF, YGAF, YGAFF, YGGLS, YGGFL, 
YGAFSF, and YGAFLSF. A striking feature is that all 15 begin with 
YG, which agrees with previous work (3) showing that an amino- 
terminal Tyr is a key determinant of biding. Rcsidue 3 of this set 
is either A or G, and residue 4 is either F or L; S and T are excluded 
from these positions. Our finding that the pderred sequence is YG 
(A/G) (FL) is in accord with a recent study in which a large library 
of peptidcs on phage generated by recombinant DNA methods was 
screened for binding to antibody 3E7 (10). Additional b i  
syntheses based on leads from peptides on phage experiments show 
that YGAFMQ, YGAFM, and YGAFQ give stronger fluorescence 
signals than does YGGFM, which is more closely related to the 
immunogen used to obtain 3E7 (3). 

Oligonudeotkk syn-. The generality of light-dinctcd spa- 
tially addressable parallel chemical synthesis is demonstrated by its 
application to nudtic acid synthesis. Light-activated formation of a 
thymidine-deoxycytidine dinucleotide was carried out as described 
in Fig. 8.5'-Nitroveraql thymidine was attached to the surface of 
a glass substrate. After removal of the protecting group by illumi- 
nation through a 500-pm checkerboard mask, the substrate was 
treated with a phosphoramidite-activated derivative of deoxycyti- 
dine. A fluorescent probe was then attached to the exocydic NH, 

- - k Y )  

L L L L L L L L L L L L C L L L  

Flg. 7. (a) Fluorrsca~c scan of an array of 1024 peptides genera& by'a 
ten* binary synthesis. Following photochemical and side group dqm 
action, the array was treated with antibody 3E7 and then fld-lam 
antibody as described in the p l -ccdq  Icgcnds. The po1ynomd cxpmsidn 
for this ten-step binary synthesis is 

Eachpcpadt0~~~piesa400pmby400pmsquare.(b)Coordinatemapfor 
them~~~syndusis.Theidcntityddpepcidcin~amyculbc 
~ f n r m 1 t s x ~ y E o o r d i n a t c e ( c a c h r a n g c f n r m O m 3 1 ) . T h e  
chemical units at sequence positions 1, 3,4, 7, aad 8 ue specified by the x 

2 , 5 , 6 , 9 , a a d l O b y t h e y ~  
(mi). All but onc ofthe 
identaythcpcptidcatx= 1 2 a n d y = 3 , ~ t h e b b c m a n b a s f m n  
ohunn12(..GA..F.. . ) a a d t h e r c d m c m b a s ~ a h m a 3  (.Y..G .....) 
whikprrsavingthelincYordatoobainthcscquarrYGAGF.Thebrigh~ 
ckmncoftheamy,YGAPLS,isatx=U)aady=9. 

Fig. 8. l lmdhasional  cquwauation of a ftuarcsaMc san showing a 
&ckabad  pattan gcnaved by the light-chead synthpis of a dinudc- 
otidc. 5'-Nitmvcmuyl thymidine was symhcslPd by pubhsl~ed pmadurcs 
(22) from the 3'-0-thymidine acetate. Afm deprotccaon with base, the 
5'-nitmvcmtryl thymidine was ateacbed to an aminatcd substrate duough a 
linkagctothe3'-hydroxylgroup.Theni~trylprotcainggroupswm 
removed by illumination through a 500-pm checkerboard mask. The 
substratc was then treated with phosphoramidite-activated 2'-deoxycytidine. 
In ordcr to fohw the d o n  ihmnetricaUy, the dmxycy~dine had becn 
modificd with an FMOCprotcQd arnimhexyl linker attached to the 
~ X O C Y ~ C  vninc {5'-0-(4,4'~xyaityl)4N-[6-N-fl~hcthyl- 
cubamoylhqkakq (FMOC)]-2'-dcoxyqidim} (23). Afm removal of 
the FMOC protecting group with base, the regions which contained the 
d i r m d e o t d r w m ~ t l y  labdedbytreamlentofthesubs~with 1 
rnM HTC in DMF for 1 hour. 
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group of deoxycpdine (see Fig. 8). 
The 3-D representation of the fluorescence intensity data in Fig. 

8 reproduces the checkerboard illumination pattern used during 
photolysis of the substrate. This result demonstrates that oligonu- 
cleotides as well as peptides can be synthesized by the light-directed 
method. 

Comparison t o  other methods and potential applications. We 
have introduced an approach for the simultaneous synthesis of a 
large number of compounds that combines solid-phase synthesis 
(1 I), photolabile protecting groups (I) ,  and photolithography (12). 
The method can be applied to any solid-phase synthesis technique in 
which light can be used to generate a reactive group. We have used 
light-directed spatially addressable parallel chemical synthesis to 
synthesize large arrays of peptides. The light-directed formation of 
oligonucleotides attests to the versatility of the technique and 
suggests that it could be broadly applicable in making high-density 
arrays of chemical compounds. The ten-step binary synthesis results 
in the formation of 1024 peptides in 1.6 cm2. The 50-pm checker- 
board pattern of alternating pentapeptides shows that 40,000 
compounds can be synthesized in 1 cm2. Our present capability for 
high-contrast photodeprotection is better than 20 Km, which gives 
>250,000 synthesis sites per square centimeter. There is no physical 
reason why higher densities of synthesis sites cannot be achieve!. 
Indeed, high spatial resolution electron-beam lithography (-250 A) 
has been used to generate patterns at a density of 1010 per square 
centimeter (13). 

It is interesting to compare the light-directed method with other 
techniques for parallel chemical synthesis. One approach is to 
physically segregate different reactants by pipeting them into differ- 
ent reaction vessels. For example, 96 peptides have been simultane- 
ously synthesized on the tips of pins by immersing them into 
different solutions that are contained in the chambers of a microtiter 
plate (14). The need for physical separation of reaction sites sharply 
limits the number of compounds that can be made by the pin 
method. In contrast, very large numbers of peptides can be gener- 
ated by recombinant DNA approaches (9, 15). Millions of different 
peptide sequences can be expressed on the surface of phage by 
inserting randomly synthesized oligonucleotides into their genomes. 
Each phage clone displays a different peptide. Although the pep- 
tides-on-phage are in suspension and are not tixed at defined 
locations, those that bind tightly to a receptor can be identified by 
panning, isolation of individual clones, and DNA sequencing. Only 
peptides that contain genetically coded amino acids can be generated 
by expression on phage. The recombinant and light-directed ap- 
proaches have distinctive strengths that are complementary. For 
example, a peptide identified by the phage method to have appre- 
ciable f in i ty  for a receptor can serve as the kernel around which 
diversity is generated by light-directed synthesis. A synthesis might 
include custom chemical building blocks in addition to the standard 
set of L-amino acids (16). For example, D-amino acids could be 
introduced to make the peptide more resistant to proteolysis (17), 
and modified site chains (18) could be inserted to increase affinity. 

Parallel chemical synthesis could be used to explore molecular 
recognition processes in biology and other fields. For example, 
pharmaceutical discovery is increasingly based on an understanding 
of the way receptors and enzymes interact with specific ligands. The 
techniques described here allow the synthesis of large numbers of 
peptides or other oligomers that can be surveyed for binding to 
biological macromolecules. 

Fabrication of small devices such as microelectronic circuits relies 
on the chemistry of photoresists, vapor deposition, and ion implan- 
tation. The techniques described here enable the in situ synthesis of 
complex compounds on a microscale. The methods of spatially 
addressable chemical synthesis may be used in conjunction with the 

microfabrication of circuitry. The union of these technologies may 
find applications in novel detection devices containing arrays df 
biological receptors or other molecular recognition elements. 

The functional properties of molecules synthesized by the light- 
directed approach can be read in a variety of ways. As was shown 
here, the binding of a receptor such as an antibody can readily be 
detected fluorimetrically. Radioactive or chemiluminescent labels 
could also be used (19):~he susceptibility of compounds in an array 
to modification by an enzyme or other catalyst could also be directly 
assayed. For example, the cleavage of a peptide at a site located 
between a fluorescent energy donor and acceptor would lead to 
increased fluorescence (20). Peptides that are effective substrates for 
phosphorylation by a kinase could be identified by monitoring the 
32P pattern following incubation with enzyme and radiolabeled 
ATP (adenosine triphosphate) . 

Oligonucleotide arrays produced by light-directed synthesis could 
be used to detect complementary sequences in DNA and RNA. 
Such arrays would be valuable in gene mapping, fingerprinting, 
diagnostics, and nucleic acid sequencing. A sequencing method 
based on hybridization to a complete set of fixed-length oligonucle- 
otides immobilized individually as dots of a two-dimensional matrix 
has been proposed (21). I t  is noteworthy that the light-directed 
synthesis of all 65,536 possible octanucleotides (4') would fit into 
1.6 cm2 with 50-pm square sites, a resolution already achieved. 
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