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We present a method to automatically plan a robotic process to mix individual combinations of reactants in
individual reaction vessels (vials or wells in a multiwell plate), mixing any number of reactants in any
desired stoichiometry, and ordering the mixing steps according to an arbitrarily complex treelike assembly
protocol. This process enables the combinatorial generation of complete or partial product libraries in
individual reaction vessels from intermediates formed in the presence of different sets of reactants. It can
produce either libraries of chimeric genes constructed by ligation of fragments from different parent genes
or libraries of chemical compounds constructed by convergent synthesis. Given concentrations of the input
reactants and desired amounts or volumes of the products, our algorithm, RoboMix, computes the required
reactant volumes and the resulting product concentrations, along with volumes and concentrations for all
intermediate combinations. It outputs a sequence of robotic liquid transfer steps that ensures that each
combination is correctly mixed even when individualized stoichiometries are employed and with any fractional
yield for a product. It can also account for waste in robotic liquid handling and residual volume needed to
ensure accurate aspiration. We demonstrate the effectiveness of the method in a test mixing dyes with
different UV–vis absorption spectra, verifying the desired combinations spectroscopically.

1. Introduction

The ability of robotic liquid-handling systems to accept a
series of commands to aspirate and dispense precise volumes
into individual reaction vessels (vials or wells in a multiwell
plate) makes it possible to carry out reactions between
combinations of individually selected and apportioned re-
actants. The products of a reaction (with or without purifica-
tion) can then form the intermediates for the assembly of
more complex combinations in a hierarchical assembly tree
(Figure 1). Such hierarchical assemblies are most valuable
when either a limited number of reactants can be brought
together in one step or where the reactive groups used would
lead to undesired products if all the reactants were simply
mixed together (or if the reactants were mixed in an incorrect
order). Hierarchical mixing allows the order of the synthetic
steps to be rigorously controlled, while robotic control
enables the assembly of complex combinatorial libraries in
which each product has a defined location. The defined
location of individual products facilitates analysis of and
adjustment for relative reactivities and provides for initial
screening without the need for external coding or the
identification of individual products.1–4

Once programmed properly, a robotic system can ensure
that the correct combinations of reactants are mixed in the
correct amounts, including allowance for desired stoichiom-
etries, relative reactivities, and yields of the intermediates.
Such robotic production of combinatorial libraries enables
new approaches in combinatorial assembly of gene fragments
for protein investigation and engineering5 and in convergent
synthesis of combinatorial libraries of druglike molecules
and natural product variants.6

Protein engineering by site-directed recombination5,7–10

generates a library of hybrids by mixing fragments of
multiple homologous parent proteins at defined, intentionally
selected breakpoints; the hybrids are subsequently tested for
new or improved function. For example, given three parents
and desired recombination breakpoints precisely dividing
each parent into five gene fragments, we may wish to
construct a library of all 35 hybrids. Several methods have
been developed for manipulating DNA to generate libraries
of recombinant genes. In SISDC,11 restriction enzyme
cleavage of genes with previously inserted tags containing
the enzyme recognition sequence yields DNA fragments with
single-stranded overhangs. Ligation of such fragments from
multiple parents yields libraries potentially containing all
combinations. SPLISO5 directly combines individually pre-
pared fragments at computationally planned overhangs.
Individual preparation of the fragments allows for greater
control of the combinations produced. In either case, to
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ensure that the desired hybrids are constructed effectively
(minimizing out-of-order ligation of fragments), the assembly
may need to be organized hierarchically (Figure 1, left). In
the example, we would first assemble the intermediates from
the first three fragments separately from those for the final
two fragments, before assembling the complete products. In
a hierarchical assembly, the earlier steps hide some of the
overhangs within the intermediates, making them unreactive.

Previous site-directed recombination projects have often
used large-scale genetic selection to identify hybrids with
desired activity.8,9 However, this approach yields only data
on hybrids with positive activity; negative data, which arises
from noting which hybrids are missing from the selected
pool, can only be evaluated probabilistically, typically under
the assumption of unbiased hybrid generation. Alternatively,
screening individual hybrids from libraries generated en
masse requires substantial oversampling to ensure statistically
complete coverage and is still susceptible to biased construc-
tion of hybrids. The robotic process described here enables
separate construction and evaluation of each hybrid individu-
ally, thereby providing comprehensive positive and negative
data for stability and activity after screening. Furthermore,
knowing the composition of each hybrid from its location
also allows a preliminary analysis of all the library members
without extensive sequencing.

While protein engineering has recognized the value of
hierarchical combinatorial assembly, chemical synthesis has
historically preferred linear divergent synthesis.6 Linear
synthetic techniques, such as split-and-pool,13 can generate
great diversity but limit the later reactions to those compatible
with the products of prior steps. In contrast, convergent
synthesis12,14 allows intermediate products to be made in
steps that are incompatible with other intermediates, com-
bining the intermediates later. An example of convergent
synthesis from the group at Arqule is given in Figure 1, right.

Convergently synthesized libraries may be particularly valu-
able when the intermediates resemble fragments of natural
products.14

To effectively and automatically carry out such individual
combinatorial hierarchical assemblies for proteins or small
molecules, this paper presents a method, RoboMix, for
computing a control program for a robotic liquid-handling
system. Given the specified process, along with the concen-
trations of the reactants and either the desired volumes of
the products (most useful for subsequent molecular biology
of assembled gene products) or the desired amounts (most
useful for chemical synthesis), RoboMix determines the
required volumes of the reactants, the required volumes and
resulting concentrations of the intermediates, and a sequence
of robotic liquid-transfer steps (aspiration of a defined volume
from one vessel, dispensing it to another) that ultimately yield
all possible combinatorial products in defined locations.
Extensions to our method also permit the synthesis of only
a specified subset of the combinatorial products, enhancing
the flexibility of library generation and the ability to focus
on the most promising products.

2. Materials and Methods

2.1. Computation of Concentrations and Volumes. We
are given sets of variants for the input reactants and wish to
produce all possible combinations, each with a different set
of choices for the reactants. (Defined subsets of combinations
will be produced by exclusion from the default of all possible
combinations.) Each combination is produced by following
a set of hierarchical mixing steps, indicating the order in
which to generate intermediates. We call components any
combination of initial reactants and intermediates that will
be mixed in a single step. An assembly tree (Figure 2, left)
specifies the components and order, along with the input and

Figure 1. Combinatorial hierarchical mixing for gene assembly (left) and chemical synthesis (right). A set of variants is available for each
reactant, and all products (resulting from each combination of variants) are to be produced under a desired stoichiometry and by the order
specified in the tree structure. In the gene assembly example (left), hybrids are constructed by ligating five fragments chosen from three
homologous parents. Colored blocks represent 5′ nucleotide overhangs to be used in ligating DNA fragments together (upper and lower
blocks of the same color are complementary). A combination (including the input reactants) is designated with a string of five letters, one
for each reactant: a, b, or c for one of the variants or - for a reactant not included in the combination. Hierarchical assembly can avoid
undesired ligations (e.g., between the second fragment and the last fragment) by producing intermediates in which the nucleotides that
served as overhangs for lower-level fragment ligation are now internal. In the chemical synthesis example (right), adapted from refs 6 and
12, cyclohexenone derivatives are assembled hierarchically by producing a set of chalcones and a set of acetoacetamides first, before
combining them. Here, too, alternative ordering of the reaction steps would yield different products.
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output stoichiometry for the reaction at each node of the tree.
Finally, we are given as inputs the concentrations of the
reactants and the desired volumes (or amounts) of the
products. The output gives a series of robotic transfer steps
and all associated volumes and concentrations.

In summary, the computation proceeds recursively (Figure
2, right) following the tree structure: concentrations of com-
ponents in each combination are first computed working up
from the user-specified input concentrations of the reactants
(leaves of the tree), and then corresponding volumes are
computed working down from the desired volume or amount
of the products (root of the tree). The volumes computed
throughout the assembly are used for determination of both the
transfer steps (including multiple steps of equal volume where
the transfer volume is limited) and the size of reaction vessels
to be placed on the robot deck for each step.

Consider a specific combination y (e.g., abacb, using the
notation from Figure 1, left). Let M(y) be the set of

components mixed to produce y at a node in the assembly
tree (e.g., M(abacb) ) {aba--, ---cb} and M(aba--) ) {a----,
-b---, --a--}). Assume that we know the desired volume Vy

or desired molar amount (volume times concentration) VyCy

of combination y and the available concentrations Cx, x∈M(y)
of its components. (The recursive computation guarantees
that these values have previously been calculated.) Given
this information, we can then compute the resulting concen-
tration Cy of y, and the required volumes Vxf y contributed
to y from each component x∈M(y).

The user specifies the ideal stoichiometry of the reaction
(ignoring for now any need for molar excess of certain
components or less than 100% yield) as integer coefficients
Ry for the output and a set of integer coefficients Rxf y for

Figure 2. Computing transfer steps from hierarchical plan via RoboMix. (left) An example assembly tree has three steps: one step produces
intermediate combinations from all variants for the first three reactants, combined in equal molar amounts to yield a molar amount of
product (small numbers on the edges indicate stoichiometry); another produces intermediates from all combinations of the final two reactants,
and the final step yields all products by combining components produced for the two intermediate steps. The program can handle such
arbitrary tree structures. Also specified are the available concentrations of reactants (here, 6 µM) and desired volumes of products (here, 75
µL). (right) The resulting concentrations are first computed bottom-up (blue) by eq 1. Given the desired volume at the root (here 75 µL),
the required volumes are computed top-down (red) by eqs 3 and 4. The numbers shown assume no loss in liquid handling, no required
residual volume, and 100% yield in the reaction; although the planning method can account for all such inefficiencies (see Figure 4 for the
same calculation including such inefficiencies).

Figure 3. UV–vis absorption spectra for the five input dyes, each
at the starting concentration for its c variant. The b variant is this
concentration mixed 1:1 with water, while the a variant is water.
The dashed line at the bottom is the spectrum of water.

Figure 4. Some of the transfer steps planned for the assembly tree
of Figure 2, starting with equal concentrations of reactants, yielding
75 µL of products, and accounting for 10% loss and 50 µL residual
volumes. The maximum transfer volume was set to 200 µL, so all
transfers in the second group were broken into multiple equal steps.
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the inputs xεM(y) at each node. Then output concentrations
at each node can be computed from input concentrations by

1
Cy

) 1
Ry

∑
x∈ M(y)

1
Rxf yCx

(1)

In the special case where equal molar amounts of reactants
mix to produce the same molar amount of a single product
(with 100% yield), eq 1 can be simplified to

1
Cy

) ∑
x∈ M(y)

1
Cx

(2)

By generalizating the R coefficients used to express stoichi-
ometry to nonintegers, we can also account for the need to
add a molar excess of one or more of the components to
ensure complete reaction (increasing Rxf y), as well as
account for reaction yields of less than 100% (reducing Ry).

After computing concentrations bottom-up for the whole
tree, we compute volumes top-down based on the relation-
ships between the amount of the output and the amounts of
the inputs under the specified stoichiometry

∀ x∈ M(y) : Vxf y )
VyCy

RyRxf yCx
(3)

We employ eq 3 to compute Vxf y given the concentration
of x (input or computed bottom-up), the resulting concentra-
tion of y (computed bottom-up), and the desired volume of
y (input or computed top-down). Note that at the root of the
assembly tree, this equation naturally allows the user to give
either the desired volume or the desired molar amount VyCy.

Each component participates in a number of combinations
for its parent in the tree (e.g., aaa-- is in aaaaa, aaaab, aaaac,
etc.). The total volume required for each component x is thus
calculated by summing Vxf y over all such combinations y
for which x is a component, that is

Vx ) ∑
y:x∈ M(y)

VyCy

RyRxf yCx
(4)

Like all liquid handling, robotic liquid handling is
imperfect. Losses in each transfer typically result from liquid
remaining with the tip after dispensing. The tip height
calibration is also imperfect, requiring that some volume be
left in the vessel to avoid the incorporation of air bubbles
during aspiration with associated error in volume transferred.
If we assume that a constant amount λ1 is left in the bottom
of the vessel and a constant fraction λ2 of volume is lost in
each transfer, then we can compute required volumes using
a scaled, offset version of eq. 4

Vx ) λ1 + (1+ λ2) ∑
y:x∈ M(y)

VyCy

RyRxf yCx
(5)

2.2. Generation of the Control Program. By default,
RoboMix generates a control program for construction of a
complete library (one that includes all products). However,
it supports the specification of combinations to be excluded,
so as to construct a partial library focused on the most useful
products. Specific products (e.g., abcba) can be directly
excluded. Furthermore, intermediates (e.g., aaa--) can also
be excluded, resulting in exclusion of all products derived
from them (e.g., aaaaa, aaaab, aaaac, etc.). Concentrations

and volumes are calculated to account for only the included
intermediates and products.

After computing volumes and concentrations, RoboMix
assigns vessels (plate locations) to each reactant, intermedi-
ate, and product, and outputs a linearized list of transfer steps
with multiple equal volume transfers used to transfer volumes
exceeding a specified maximum (e.g., a maximum tip
volume). To facilitate common reaction steps and avoid
optimization by internal robotic software, the list is parti-
tioned by level in the assembly tree. Although the steps need
to be segregated by level, the steps within each level can be
done in parallel or in any order. After all the transfers for
one level are completed, the common reagents can then be
added and incubation conditions set by commands in the
main robot control protocol. Since the assembly is organized
by level, purification steps can be inserted, most conveniently

Figure 5. Plates with each well holding one product (combination
of the three variants for each of the five reactants). The combinations
are arranged left-right and top-bottom in order of ternary numbers,
so that aaaaa is in well A1 of plate 1, aaaab is in well A2 of plate
1, ..., and ccccc is in the last well employed (E3) in plate 3. Smooth
gradations of color visually indicate the progression of dye
concentrations and absorption maxima throughout the set of
mixtures.
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returning the purified intermediates in the same volume. If
volumes/concentrations change after purification, then the
program can be rerun with the new values.

2.3. Implementation. RoboMix has been implemented in
platform-independent Python code. It produces both a
detailed summary for the experimenters, as well as a comma-
separated file of liquid transfer steps, which is suitable for
multiple robotic platforms. The software can be freely
obtained for academic use by request from the authors. A
demonstration version with a graphical user interface is
available at http://www.cs.dartmouth.edu/∼cbk/robomix/.

2.4. Test of Hierarchical Mixing. Hierarchical mixing
was tested using five different water-soluble and miscible
dyes with distinct absorption spectra as easily measurable
surrogate reactants: (1) imidazole (Sigma: CAS 288-32-4)
with a peak at 300 nm, (2) a commercial yellow food dye
(Kroger: FD&C Yellow #5, Tartrazine, E-102, CAS 1934-
21-0) at 430 nm, (3) a commercial red food dye (Kroger:
FD&C Red #40: Allura Red, E-120, CAS 25956-17-6) at
500 nm, (4) bromphenol blue (sodium salt, Mallinckrodt:
CAS 62625-28-9) at 590 nm, and (5) a commercial blue food
dye (Kroger: FD&C Blue #1 Brilliant Blue FCF, E-133, CAS
3844-45-9) at 630 nm. For each dye “reactant”, we prepared
solutions of different concentrations to represent the different
variants, such that the peak absorption for variant a was 0

(i.e., only water), for b it was 0.5, and for c, 1.0. Figure 3
presents the measured spectra for variant c of each of the
reactants.

Hierarchical mixing was conducted on a Biomek FX
(Beckman Coulter, Fullerton, CA) running Windows NT
Biomek FX system software, version 2.5. A comma-
separated file output by RoboMix provided the liquid-transfer
steps for a protocol on the Biomek FX. Aspiration speed
was set to 70 µL/s, and dispensing speed was set to 70 µL/s
with sample mixing after dispensing. The starting materials
were placed in deep 96-well blocks; intermediate mixtures
were dispensed into deep 96-well blocks, while product
mixtures were dispensed into UV-transparent half-area 96-
well plates (Corning 3679). The mixing operations were
completed in 2 h. After the samples were mixed, the product
trays were placed in a Molecular Devices SpectroMax 384
P+ UV–vis plate reader running SoftMax Pro, version 4.8.
The spectrum was read from 250 to 700 at 10 nm intervals
without volume compensation.

Raw data output by SoftMax Pro were input into Matlab
(version 7, MathWorks, Natick, MA). The absorbance
spectrum from an equivalent well of water was subtracted
from both the reactant and the product spectra. Predicted
spectra were computed by taking linear combinations of the
variant c spectra. Correlation between predicted and observed

Figure 6. Water-subtracted observed spectrum (green solid line) vs predicted spectrum (black dashed line) and individual reactant contributions
for two sample products: bcaca (left) and cbaab (right).

Figure 7. Prediction error over all products, as correlation between predicted and observed individual absorption datapoints (left) and
histogram of Euclidean distances between predicted and observed spectra treated as vectors (right).
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absorption was calculated by treating the absorbance at each
10 nm as an independent datapoint. The total distance
between predicted and observed spectra was calculated as
the Euclidean distance between 46-element vectors contain-
ing every 10 nm datapoint as the elements.

3. Results and Discussion

To evaluate our method for combinatorial hierarchical
mixing, we developed a plan for the tree in Figure 2, with
five reactants (numbered 1–5), each with three different
variants (a, b, or c). Each reactant was represented by a
different water-soluble, miscible dye, with each variant a
different concentration.

We ran our planning algorithm to determine a mixing
process that would yield 75 µL of each product, assuming
equal concentrations of reactants and accounting for loss by
setting λ1 ) 50 µL (residual volume) and λ2 ) 0.1 (10%
pipetting loss) in eq 5. A plan was computed practically
instantaneously on a Macintosh G4 Powerbook. RoboMix
determined that a starting volume of ∼1685 µL for each
choice of the first three reactants and ∼1603 µL for each
choice of the final two reactants is required. It then mixes
∼165 µL of each choice of the first three reactants or ∼471
µL of each choice of the last two. Finally, 45 µL of each
choice of the first intermediate is mixed with 30 µL of each
choice of the second to yield the product mixtures. We
programmed a Biomek FX to conduct the planned list of
liquid transfer steps; Figure 4 shows a subset of the list. The
result was a set of 35 products arrayed in 96-well plates,
displaying a range of colors reflecting the relative amounts
of each dye (Figure 5).

By planning volumes for equal concentrations of the
reactants and equal molar stoichiometry (eq 2), we expect
the spectrum of a product to be an average of the spectra of
the reactants; for example, bcaca should be the average of
the b---- spectrum, the -c--- spectrum, and so forth. Figure
6 shows two examples of such combinations. We subtracted
a background water spectrum from the reactant and product
spectra. We then took the appropriate combinations of the
water-subtracted reactant spectra and compared them against
the corresponding water-subtracted product spectra.

We compared the predicted and observed spectra for all
products. Figure 7, left shows the correlation between
predicted and observed absorption from 250 to 700 nm, taken
every 10 nm. With a slope of 1.03, an intercept of essentially
0, and a correlation coefficient R of 0.992 at a significance
level exceeding machine precision, the predicted spectra are
clearly very accurately reproduced. Finally, when the entire

spectrum of each product is considered, there is only a very
small Euclidean distance between the predicted and observed
spectra (Figure 7, right). The only significant outliers among
243 combinations are in products accaa (predicted-observed
distance of ∼0.35) and bcbba (∼0.27). These appear to be
the result of a systematic error in liquid handling, since the
associated transfer steps calculated by RoboMix were manu-
ally verified to be correct. We note that this type of analysis
could also be used to calibrate errors in the liquid handling
process. As a beginning to this analysis, we note that the
combination of transfer and measurement error over the set
of products is an average of 3.6% with an average absolute
error of 8.9%. Overall, our results suggest that 621 robotic
transfer steps were planned correctly and executed accurately.
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