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Abstract: A microfluidic device denoted the Phase Chip has been designed to measure and manipulate
the phase diagram of multicomponent fluid mixtures. The Phase Chip exploits the permeation of water
through poly(dimethylsiloxane) (PDMS) in order to controllably vary the concentration of solutes in aqueous
nanoliter volume microdrops stored in wells. The permeation of water in the Phase Chip is modeled using
the diffusion equation, and good agreement between experiment and theory is obtained. The Phase Chip
operates by first creating drops of the water/solute mixture whose composition varies sequentially. Next,
drops are transported down channels and guided into storage wells using surface tension forces. Finally,
the solute concentration of each stored drop is simultaneously varied and measured. Two applications of
the Phase Chip are presented. First, the phase diagram of a polymer/salt mixture is measured on-chip and
validated off-chip, and second, protein crystallization rates are enhanced through the manipulation of the
kinetics of nucleation and growth.

Microfluidic instruments are capable of precisely manipulat- The Phase Chip consists of a nhumber of distinct microfluidic
ing sub-nanoliter quantities of fluids. Their purpose is to vastly modules, which in sequence are used to formulate drops,
reduce the amount of fluids used in chemical processing andgenerate drops, mix drops, store drops in specific docking sites,
provide accurate delivery of fluids in a defined geometry on and reversibly and controllably vary the amount of water in
the micron length scale with a temporal accuracy of mil- the drops and thereby regulate the concentration of solutes in
liseconds. A microfluidic device can include channels for the drops. The Phase Chip is a poly(dimethylsiloxane) (PDMS)
transporting fluids, valves for controlling flow, nozzles to create device, which utilizes hydrodynamic focusing to produce drops
drops, pumps to propel fluids, storage chambers, and mixers toof aqueous solution inside a continuous oil stréafA movie
homogenize multiple fluid streams and drdp$To this panoply of the drop formation is in the Supporting Information, S4.1.
of components we add the abilities to store drops and to There are several important reasons why drops are an attractive
controllably vary the water content of stored drops. Each of solution to high throughput applications: each drop can be
these primitive functions can be combined in numerous ways independently formulated to have a given composition; when
to create complex devices optimized for specific tasks. Other the drops are dispersed in an immiscible carrier fluid there is
powerful features of microfluidics are the ease and rapidity of no cross-contamination between drops; and each drop can be
their construction and the low cost of materials. transported with its contents remaining int&efTo this list of

This paper reports the development of a microfiuidic device, desirable features we demonstrate in this paper that when the
the Phase Chip shown in Figure 1a, which is designed to Solutes in the drops are impermeable to the carrier fluid and

determine the phase diagram of multicomponent fluid mixtures. PPMS, measurement of the drop volume can be used to
determine the solute concentration. The ability to simultaneously

vary and measure the solute concentration is an important
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*Harvard University. advance in microfluidics and enables the two phase transition
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Figure 1. (a) Plan view of the Phase Chip. (b) Drop formation at nozzle. Confined drops are flattened and elongated in the flow channels. A movie, S4.1,
is in the Supporting Information. (c) Photographs of surface tension guided storage of aqueous drops into rectangular wells. Movies are shown in the
Supporting Information, S4.2, S4.3, and S4.4. These pictures are taken on a chip without a reservoir and have different dimensions than thase of the de
portrayed in the rest of this figure. (d) Vertical section of the Phase Chip corresponding to the insert in (a). The device is constructed from tagadPOMS |

and subsequently sealed together. In the upper, thick (5 mm) layer there are flow channels and storage wells. In the loweznthilay@dthere is a

reservoir sealed by a 18n thick PDMS membrane. The reservoir is formed by spin coatinga@thick layer PDMS over a 26m high photoresist mold.

The principle path for water permeation is between the drop and the reservoir, but there is also a small flux through the 5 mm thick PMDS layer between
the drop and the device exterior.

200pm " reservoir

100pum

Surface Tension Guided Drop Storage than the change in gravitational energy. The shape with minimal
surface area is a sphere, but any geometric change in the channel
that allows a reduction in the confined drop’s surface area will
create a force on the drop and the channel shape will have the
potential to store drops. Furthermore, because the well is located
to the side of the channel the hydrodynamic stress on the drop
in the well is much weaker than that in the channel. When the

The first innovation of the Phase Chip is our method of
storing drops in wells using surface tension forces as illustrated
in Figure 1c and in the movie in the Supporting Information,
S4.2. After formation (Figure 1b), drops are forced to flow
through wide rectangular channels (10®) of narrow height
(40 um), which flattens the drops creating a large surface area ) . .
and, because of the eilvater interface, a large surface energy. well 1S a}bout twice the depth of the channell, 'Fhen the drop. will
Deep wells are fabricated on the chip that are adjacent to, putf€mainin the well permanently even when oil is flowing rapidly
still connected to, the flow channel. Because the wells are deeperlh"c’u@lh the channel. Drops fill the wells in sequence with the
and wider than the channel, a drop inside a well will be less first drop docking into the first empty well and the last drop
confined than when in the channel allowing the surface area of docking into the last well. If surfactant is added to stabilize the
the drop to be reduced. The gradient in the height of the drops against coalescence, then the drops pass over filled wells
microfluidic device produces a gradient in the drop’s surface Without mixing. In Figure 1c, stable drops of water in hexade-
area, and therefore a gradient in the drop’s interfacial energy, cane (Sigma-Aldrich) are formed by adding Span80 (2% v/w,
which generates a force on the drop driving it out of the Sigma-Aldrich) to the oil. Care must be made to match the
confining channel into the deeper well. The change in interfacial volume of the drop to the wells. If the docked drop is too large,
energy in transforming a flattened drop, such as that shown in it will protrude into the channel and the next drop will dislodge
Figure 1c, into a spherical one is approximatel§ tihes greater it. If the docked drop is too small, a second drop will share its
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well. And for drops that are half the size of the wells, an amusing the reservoir thereby increasing the concentration of the PDMS-
cascade can be created as illustrated in the movie supplementimpermeable solutes inside the drop. In contrast, if pure water
S4.3. is introduced in the reservoir, then the chemical potential
Not all oil/water drops can be stabilized. For example, we gradient is reversed and water permeates through the membrane
have not found commercially available surfactants that can from the reservoir to the drop, thereby diluting each PDMS-
stabilize fluorocarbon oil/water or silicone oil/water microdrops. impermeable component as the drops swell. Because the drops
Therefore we have developed a method to dock drops without stored in the wells are confined in one dimension, they have a
having to stabilize against coalescence. When the well is shallowdisklike shape (Figure 1d) so that when the drops are shrinking
in depth, comparable with the height of the flow channel, the and swelling only the area of the drops is changing, not the
drops pass by wells if the speed of the drops is fagt.{ cm/ height.
s). When the flow stops, the drops spontaneously dock into the  The example of the Phase Chip illustrated in Figure 1 has
nearest well. In this method the first drop docks into the last four independent regions for drop storage. Each region contains
well and the last drop docks into the first well. Without 84 wells, and drops can be directed to a particular storage region
surfactant to stabilize the drop, some mixing of drops occurs from the nozzle by selecting on-chip valves. For example, each
and typically the contents of about three or four adjacent drops region could be used to store drops containing different solutes,
are shared. In our experiments a fluorinated oil (FC-43, 3M) while within each region the wells could contain drops with
mixed with a surfactant (12%w/w, Tridecafluoro octanol, Sigma- different ratios of solutes. Five independent reservoirs are
Aldrich) is used. The surfactant lowers surface tension making constructed as parallel channels located underneath the well
it easy to create drops and simultaneously slows the coalescencéayer. These can be filled with different salt concentrations in
of drops. A movie illustrating this storage method is shown in order to generate a large combinatoric set of initial and final
the Supporting Information, S4.4. compositions of the stored drops, making the Phase Chip a
Controlling Solute Concentration o_Ievice suitaple for high-throughput scrt_aening of phase transi-
tions of multicomponent aqueous solutions.
Concentration is a key thermodynamic variable for aqueous
solutions. The other important thermodynamic variable, tem- Modeling of Water Permeation in the Phase Chip

perature, can onI_y be varie_q over a relatively narrow range As shown in Figure 1d, there are two paths through which
because the freezing and boiling temperatures of water are closey,, \\ater permeates; the principal one is through the thin PDMS
andior because the solute may only be stable over a Smallmembrane separating the wells and reservoir, and the secondary

Fempera.ture raﬂge,has” IS the case for prot((ejms.IUnfo:ctunately, tone is a leakage path through the thick PDMS above the wells
Is experimentally challenging to prepare droplets of accurate v, o exterior of the device. The flux of water along each of

composition in the pico- and nanoliter range due to dispensing these paths, assuming ideal solution behaviod; is —PVc,
difficulties and to evaporation. Once drops are formulated itis | i+ p — D whereP is the permeation coefficienk,= 7.1 x
even more difficult to vary the solute concentration, as this 144 504D = 8.5 x 10-1° m2/s are the solubility and diffusion
involves opening the sample container and adding still smaller constant of water in PDMS&? respectively, andvc, are the

amounts of solvent and solutes. In contrast, changing temper-gradients in water concentration along each path. When the
ature is experimentally straight forward because heat flows 5,064 drops are in fluorinated oil, which is the case for the
through sealed containers. The second innovation of the Phasefollowing experiments, we have evidence that the drops wet
Chip is to controllably vary the water content of stored drops the PDMS because the shape of the drops indicates that the
inside the sealed Phase Chip, thus rendering concentration appmS/water /oil contact line is pinned, as shown in Figure 5d.

_(I‘lonvenledn_t ?:_ thern;gdyr?ar_nm vanak;!eh aj bte][nggratgre. hAS But even if the oil wets the PDMS we assume that the oil layer
lustrated in Figure 1d, this IS accomplished Dy ta nca_tmgt € is so thin as to have a negligible effect on the permeation of
bottom of the wells from a thin PDMS membrane a5 thick) water

that is slightly permeable to watet! but impermeable to . . . . .
roteins, poly(ethylene glycol) (PEG), and salts. The fluids in Our reservoirs have two basic deS|gr_13. One c_onS|sts of a series
P ’ ’ ' of serpentine, parallel channels of a width varying between 100

the layer containing the reservoir and in the layer containing . -
. um to 200um running beneath the storage wells, as shown in
the flow channels and wells are not directly connected to each’_. : - .
Figure 1. The second design consists of a single rectangular

other in any way. Water is transported between these two Iayerschamber, 16 mmx 7 mm, where the membrane is supported

solely via permeation through the PDMS membrane. Across by 30m square posts patterned on a LOB square, as shown

the membrane from the well is a 100 nL reservoir. During .~ _. .
operation, dry air or an aqueous salt solution is flowed through in Figures 4 and 5. For both geometries the flux of water
' between the drop and reservoir through the thin PDMS

the reservoir, which produces a chemical potential gradient . . . .
. ; ; membrane can be considered as one-dimensional planar diffu-
between the solution stored in the well and the reservoir. When _. . : .
sion as the disk-shaped drops have a typical diameter of 300

the reservoir is filled with dry air or a solution whose salt um and a height of 4@m, while the thickness of the membrane
concentration is greater than that of the drop, water permeate

from the stored drops in the wells through the membrane into IS 15¢m (Flgure 1d). We will see that the pI_anar appr0>_<|m§1t|0n
for modeling the flux between the reservoir and drop is highly

(8) Watson, J. M.; Baron, M. Gl. Membr. Sci1995 106 (3), 259-268. accurate.
©) ?gg‘l"a""_"i(%lg? Doyle, P. Sroc. Natl. Acad. Sci. U.S.£005 102(31), In order to model the leakage flux from the reservoir and
(10) Leng, J.; Lonetti, B.; Tabeling, P.; Joanicot, M.; Ajdari,Zys. Re. Lett. wells through the thick PDMS slab to the exterior of the device
2006 96 (8), 084503. ;
(11) Urbanski, J. P.; Thies, W.; Rhodes, C.; Amarasinghe, S.; ThorsémbT. (Flg_ur(_a ld)f we note that the wells are located on a planar
Chip 2006 6 (1), 96-104. periodic lattice. Each well can be thought of as a source for the
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water, which diffuses through the PDMS. The water concentra- and exterior environment of constant solute concentration
tion varies periodically in planes parallel to the wells, and the X.s and Xex, respectively, at timeé = 0 evolves with time.
amplitude of the water concentration variation decays expo- As the drop volume changes, so does the drop concentration,
nentially with distance from the plane of the wells with the decay from an initial concentratior, to the final concentratiotXs.
length the order of the spacing between w&lI8ecause the  The dimensionless relative drop area is

wells are separated by a distance that is small (0.5 mm)

compared to the thickness of the entire PDMS device (5 mm) A)/A, =0+ (1— a)e“” (1)

and the wells are distributed over an area with linear dimensions
much greater than the thickness of the PDMS device, it is valid
to approximate the leakage flux between the wells and exterior
of the device as planar diffusion, although we will see that this
approximation is not quantitative. However, the crudeness of

where a is the ratio of the final area to the initial area or,
equivalently, the ratio of the initial solute concentrati®®, to
the final solute concentratiorX,,

our approximation is unimportant when we operate the chip in
.pp P . P P . _ A(°°) _ xo . _ XreJ\/I + Xextrn

a regime where the leakage flux is much less than the reservoir a=—"=—withX =——— 2

g g )
flux. Ao Xe M+ m

The gradient of water concentration across the thin PDMS ) ) )

membrane separating the drop and the reservaicis = Ac/m andz~1is the time constant for changing the drop’s concentra-
= (Cdrop — Creservol)/M while the gradient in water concen- 10N
tration between the drop and the exterior of the deviceéds X
= Ac/M = (Cdrop — Cexterio)/M with Cdrops Creservois and Cexerior 1 — kTIi(iS_i_ é’ﬁ) (3)
as the concentration of water in the drop, reservoir, and 7 hWAm M

exterior of the device, respectively, whiteis the thickness of
the PDMS membrane separating the drop and reservoir andMeasurement of Water Permeation in the Phase Chip
M is the thickness of the PDMS separating the drop and exterior

. . Figure 2a shows the normalized areas of a series of stored
of the device. The molar concentration of water can be expressed i . . . .
. - drops of initial concentratiorX,, as a function of time following
in terms of the molar concentration of solutescas= W — X,

. . - a change in the reservoir salt concentrat If Xes= ,
wherea is the drop, reservoir, or external environmem,= 9 R If Xies = Xer

55 M is the molar concentration (moliL) of pure water, a6 thent is the time constant for thg drop to equmbrqte with the
; . reservoir. IfXesZ Xexs then water is always permeating through
is the molar concentration of solute, such as salt or PEG. Thusthe device and is the time constant for the steadv-state dro

—VCres = (Xdrop — Xreg/m and —V Cext = (Xdrop — Xex)/M. If y P

. ' . . size to be reached at which time the flux from the reservoir to
the device is operated in a laboratory environment, then drop equals the flux from the drop to the exterior of the device
the water concentration in the air exterior to the device cannot P equ ux P xter vice.

be greater than the vapor saturation value, which at@as If the reservoir is filled with a much higher (lower) salt
Coxterior= 103 M. This is negligible compared’ to the maximum concentration than that in the drops, then the drops will shrink
xterior — .

concentratioV of pure water so the equivalent solute concen- (swell). Each data set, obtained from a single drop, was fitted
tration can be approximated ¥ = W — Coxterior ~ 55 M to eq 1, and the parametesandr were extracted. In Figure
The total molar fiux § [m-M-s*l]))( of water OXUet”(gf the dro.p 2b the fitted values oft (cexp) are compared with the theoretical

is calculated with the one-dimensional diffusion equation ;?éu?r? dﬂﬁéﬁg‘;’%gﬁgwfqﬁéf :nghﬁope;:zgn %::i:é?;? The
J = —P-VCuater = KD*((Xdrop = Xre9/M + (Xdrop = Xex)/M). , .

Assuming that only water and not the solute permeates throughStra'ght line of slope one shows theory and experiment agree

. within an experimental variation of 5%. In Figure 2c the fitted
the PDMS allows use of mass conservation to relate the VOIumerate “1is plotted vs the theorv aiven in ea 3. All the parameters
change of the drop to the molar flux of water from the drop; R P Y9 g2 P

. for the permeation constaRt= kD are measured
dV/dim? s1 = h dA®)/dt = J AD/W with V[m?] = A@)-h  SXCPt permeat b a
as thEe vqurT]1e of a dfo)m(t) as tﬁ(e)area of th([a dlop aﬁrznas independently of the fitting. The .proportlonallty betweert .
the constant height of the confined, disk-shaped drop. Since and 1hW (Xiedm + Xe/M) as predicted by eq 3 is observed in

we assume only water leaves the drop, the concentration ong;LfefZ' Thfoﬂga(q);};onv?/lmzhc?gsggﬁi?t;ﬁ?r\l\itao Iﬁzjazre
solute in the drop is inversely proportional to the drop’s volume; - rax ’ .
thus the solute concentration of the drop as a function of values® This agreement between theory and experiment further

L . . . validates our model. In Figure 2a the solid lines are not fits to

time 1S Xarop = Xo Vol V(D) = XoAJA() Wlth Vo, Ao, andX, as the data but are the theory with the same fitted permeation

the initial volume, area, and concentration of a drop, respec- . . . S R

tively coefficient P) obtained from Figure 2c. The solid lines in Figure
Th. h L fad laced in dialvii tact with 2a are plots of eq 1 for each of nine experiments performed

€ change |r215|_ze 8 z rop pba_\cg mth lalytic Z(_)n actwi | using different values of the salt concentration of reservGi,
a reservoir Is derived by combining the one-dimensional o, jntia| drop concentratiorX,, and constant values of the
diffusion and mass conservation equationdA(t)/dt = J

independently measured device parameters @0 um, m =
AM)/(hW) = KDIhWA{ (Ao Xo — A(t)-Xied/Mm + (AsXo — A(t)- _ _ _ )
Xex)/M}. The solution to this differential equation describes 154m, M = 5 mm, Xeq = 55 M, W= 55 M) and the one fitted

how th A, of a d ¢ initial d initial solut parameterP = kD = 7.4 x 10713 m?%s. Seven of the nine
ow the are AL, 0 adrop otinitia area, an Inftial solute experiments closely match theory; the discrepancies will be
concentrationX, that is placed in contact with a reservoir

discussed later.

(12) Feynman, R. P.; Leighton, R. B.; Sands, M.The Feynman Lectures on For practlca_l appllcatlons it is useful to know how _qkaly
Physics Addison - Wesley: 1964; Vol. II, Chapter 7-5. the concentration of a drop can be changed. The maximum rate
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(a)*
3

L Swell

0.0 ﬂfs 1to 1.5 2.0 04, , . . .
L[&+ Xext ]xlo_g(m_g) 4 2 0 2 4 6
hW| m M (X,- X, )IM]

Figure 2. (a) Relative areas of saline dropX{)/A.) stored in wells as a function of timé) @fter a change in reservoir salt concentration. The vertical axis

is a logarithmic scale. The numbers next to each curve represent the initial salt concentration [M] of the drop and régexu@ir The solid lines are the
theory using the same single adjustable param&jgfof each curve. (b) The ratio of final to initial drop area for experiment vs theory. The experimental
values (texp) are obtained by fitting the data of (a) to eq 1. The theoretical valugs,f) are obtained using eq 2 and the known experimental parameters.
(c) The rate of change of the drop areal, is plotted vs Ii\WXedm + Xex/M), which eq 3 predicts is a line passing through the origin with sPpekD.

The experimental values af ! are obtained by fitting the data of (a) to eq 1. The green lines mark 90% confidence levels. (d) The initial (maximal) rate
of change of the relative ares, ., given in eq 4 as a function of the difference between the initial salt concentration of the drop and reXgrvoiies

of change,r,., for an exponential process is the initial rate tration, we plot the initial rate of change of the area of the drop,
found by expanding eq 3 fdr< 7; A(t)/A; = 1 + t/tmax With r;ém as a function ofX, — Xesin Figure 2d. The initial rates
are calculated as, ., = (o — 1) where o and 7! are

dA(t)/Ao| 1 _oa-1 obtained from fits to the data as shown in Figure 2b and 2c.
dt "0 7 T As shown in Figure 2d, the initial rates are well approximated
KD[%o = Xies  Xo — Xoxt by the linear function: 7,4, = a(Xo — Xre9 + b. Fitting the
W\( m + M ) (4) slope of the line in Figure 2d to eq 4 yields= kD/mhW=
0.078 (M~1-h~1) from which the permeability of water in PDMS
In our experiment we use NaCl salt solutions in the drop is calculatedP = 7.2 x 1073 m?/s, similar to the value we
and in the reservoir. The saturation concentration of NaCl is obtained from fitting onlyr ~*in Figure 2c, while the intercept
about 6 M, which sets the salt concentration range for the drop Yields the leakage flux rate= kD/hW(X, — Xex/M) = — 0.026
to be 0< X, < 6. The reservoir can contain salt solutions of h™*. As discussed in the previous paragraph, the facttiian
this range or contain air, which has an equivalent salt concentra-only vary by at most 10% and that the chip is operated under
tion of 55 M. Therefore the difference in drop and reservoir conditions where the flux of water from the reservoir dominates

salt concentrations can be within the rangs &, — Xies < 55 the leakage flux allows us to approximate the leakage flux as a
M. If we operate the device in aiX{x = 55 M), then the range ~ constant and treat the reservoir flux as the independent variable.
for the difference in drop and external concentratior &5 M The interpretation of the data in Figure 2d is that the initial

< Xo — Xext = —49 M. Consequently, the gradient in salt rate of change of concentration of the drog,., varies
concentration between the drop and reservoir has a large rangdinearly with the difference in concentration between the drop
of 0 = Xo — Xedm < 3.7 M-um~ while the gradient in salt  and reservoir. For example, \Wig 4 Minitial difference in salt
concentration between the drop and exterior of the device hasconcentration between the reservoir and drop, the drop con-
a small range of-0.011< X, — Xex/M < —0.0098 Mum™1, centration will initially change by 30% per hour. When the drop
The Phase Chip is designed such that the reservoir flux will and reservoir are initially set to have the same salt concentration,
primarily set the final concentration of the drop, with the leakage the drop will still increase concentration at a rate of 2.6% per
flux to the exterior of the device being a small correction. In  hour due to the leakage path to the exterior of the device. The
order to test whether or not the gradient in salt concentration drop will not change volume if the drop contains a salt solution
between the drop and reservoir is controlling the drop concen- that is 0.33 M more concentrated than the reservoir solution

J. AM. CHEM. SOC. = VOL. 129, NO. 28, 2007 8829
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because then the flux to the reservoir is balanced by the leakage (a) 7
flux to the exterior of the device. If we make the more extreme
approximation of ignoring the leakage flux altogether, orNdet
— 0 in eq 4, we findr, - = kD/hWn{X, — X.ed. This predicts
that Figure 2d will be a straight line with a zero intercept, which
is a reasonable approximation whefy — Xied > 1 M. There

is considerable experimental freedom to vay,. While the
parameterg, D, andW are material constanth, m, andX, —

Xres Can be chosen over a wide range of values.

As mentioned previously the solid curves in Figure 2a are
not fits to the experiment but rather the theory with all the 3
parameters except fdP independently measured. There are
seven curves for which the theory and experiment have excellent
agreement, corresponding to when the differekge- Xes is 2®
large. The other two curves show significant deviations from
theory. One (black squares) is for the case wKgrF Xes= 0.

In this case the initial flux out of the drop is only due to the
leakage flux. The drop concentration does not accurately follow  (b)
an exponential time variation indicating that the one-dimensional O A O

h

=Y

Concentration [M]

planar approximation for the leakage flux is not as accurate as Reservoir concentration [M] 6 | 4 3
that for the flux to the reservoir. The planar approximation -
underestimates the experimental transient leakage rate by a factor Final concentration | _permental | 64 | 43 | 3.2
of 2 to 3. However, most of our experiments are done in a S";‘;';““ XM Theoretical | 62 | 42 [ 31
regime where the leakage flux is small compared to the reservoir ]
. . . . Experimental 2.0 3.0 4.2

flux. A more extreme approximation is to completely ignore Time constant [hr]
the leakage in the theory, which is done by considering the Theoretical 20 ] 30 39
device to be infinitely thick and setting — o in eqs 2 and 3. Reservoir concentration [M] 2 2 2
Then the final drop concentratioX,,, is predicted to equal the

. . . . . . Experimental 21 23 21
reservoir concentratiorXes Instead, as shown in Figure 3, the ‘ Fm;(l concentration
measured value of., is found to be about 5% higher thags 5‘;:';:3 = M] Theoretical | 22 | 22 | 22
when X, — Xeed > 1 M. These systematic offsets are caused Experimental | 70 | 49 | 72
by the unidirectional leakage flux. When the device is operated Time constant [hr]
in an air-filled laboratory, water always permeates from the drop Theoretical | 37 | 57 | 57

to the exterior of the device Whi!e the reserYOir C_an either source Figure 3. (a) Concentration of saline drops stored in wells with respect to
or sink water from the drop. While the transient time dependence time after a change in reservoir salt concentration. Drop concentrations are
of the leakage flux does not match the theory, the steady-stateinferred by measuring the drop areXuoft) = Xo-AJA(t). The data are

- . - identical to those in Figure 2a. First, all drops had the same initial sodium
leakage flux and final drop concentration do agree with theory, chloride Concemraﬁm%o — 2 M. and att = gwere exposed to different

as shown in Figure 3. reservoir conditionsXe9 for 18 h: 6 M (), 4 M (), 3 M (). Next, the

The other curve that shows deviation from theory is for the reservoir conditions were changed to the same concentradigy¥ 2 M.
case of when the reervoir contains dry ai. In this case the [ 010 1% e eor (¢4 1) 8 s upves e geperatg Wi e same
concentration of water in the reservoir is zero, and we consider parameters are given in the text. (b) The table shows the experimental steady-
this equivalent to filling the reservoir with a salt solution of state concentratioi., and time constant obtained by fitting eq 1 to the
Xres= 55 M. In the experiment air is driven through the 36 data in Figure 2a, while the theoretical values are calculated from eqs 2
deep reservoir by applying a pressure of 10 psi. The data showand 3, respectively.
that the rate of drop shrinkage is much slower than predicted.
We speculate that this is due to the air forming a boundary layer
inside the reservoir effectively making the membrane thicker
than m. This hypothesis suggests that if the air flow was
increased so as to reduce the thickness of the boundary layer

then a faster shrinking rate would be obtaifed.

Figure 3 demonstrates that this is the case for sodium chloride
(NaCl), which shows the time evolution of the concentration
of drops containing NaCl solution as a function of reservoir
concentration. The initial NaCl concentration in the drops was
2 M and the reservoir was filled with a greater NaCl concentra-
) ) Y ] tion (3, 4, and 6 M) than the initial drop concentration. In these
The conclusion of this section is that the concentration of ca5es water leaves the drop, which shrinks in volume. For these
splutes in drops can be predicted as a fgnctlon of time for all ~5nditions it takes approximately 15 h for the drops to reach
times to 5% accuracy as long as the difference between thegieaqy state. Once the drops attain their final concentration, the
initial drop and reservoir concentration is greater than 1 M. \agervoir concentration is replaced v M NaCl solution. This
Furthermore, the final drop concentration can be predicted 10 reyerses the chemical potential difference between the reservoir
within 5% for all initial drop and reservoir concentrations. and drop causing water to be transported from the reservoir to
the drops. In response the drops swell until a steady-state drop
size is established with the flux of water from the reservoir to
A central assumption of our model is that only water and the drop matched by the flux of water from the drop to the
none of the solutes permeate through the PDMS membrane.exterior of the device. We assume that none of the salt leaves

Impermeability of PDMS to Salt and PEG
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Figure 4. (a) Drop formulation Flow rate profiles of polymer (PEG 3.35k) and salt (ammonium sulfate) of coflowing aqueous streams being fed into the
drop generating nozzle by syringe pumps. The polymer and salt concentrations of the stock solutions are 0.21 mg/mL and 0.14 mg/mL, respectively. (b)
Drop storage A portion of the Phase Chip containing blue dyed drops of the polymer/salt mixture solution stored in the wells. The concentration of ammonium
sulfate is determined by measuring the light intensity passing through each stored drop, and the concentration of polymer is calculated froncémgrasitin

because the relative volumetric compositions of each drop are known from Figure 4a. A movie is in Sdight(tarnsmittance of the stored drapbhe

plot shows the light intensity transmitted through each drop in arbitrary units. The brighter drops contain less blue dye, which is propoeicnatentation

of ammonium sulfate. (dnitial concentrations of polymer and saif the drops stored in wells. Blue diamond, ammonium sulfate. Red square, PEG 3.35k.

reservoir (posts) — wells

Fal

the drop during the 40 h experiment. The final measured drop between the reservoir and docked PEG containing drops was
volume implies a final salt concentration in the range-212 small and comparable to the leakage flux to the exterior of the
M, which is slightly larger than that in the reservoir. The final device, which led to noisy data. However, the conclusion (within
salt concentration is higher than the reservoir concentration duel0% experimental resolution) was that PEG,rav& day period,
to the small leakage flux and is in quantitative agreement with does not permeate through PDMS. We emphasize that this was
eq 2. Had some salt left the drop by dissolving into either the true for all molecular weights, even for the 400 molecular weight
oil or PDMS, then the drop would be smaller than predicted, solutions.
which Wou_ld be_ interprete_d as a higher than predicted salt Measuring the Phase Diagram of a Salt/Polymer
concentration. Since experiment and theory agree, we concludeMixture
that only water molecules, and not sodium or chloride ions,
permeate through PDMS. To demonstrate the performance of the Phase Chip, the phase
We tested the molecular weight dependence of PEG perme_diagram of a polymer and salt mixture is measured. For certain
ability by creating salt-free drops containing 18% w/v of PEG Compositions, mixtures of poly(ethylene glycol) (PEG) and
400 M.W. and 24%w/v of PEG 1000 and 8000 M.W. We ammonium sulfate in water will phase separate into two liquid
performed similar experiments to those shown in Figure 3 in Phases, with one phase rich in polymer and the other phase salt-
which we docked drops in wells containing salt-free PEG rich.'®
solutions and reversibly varied the reservoir ionic strength to ~ Figure 4 illustrates the procedure by which we initially
cycle the volume of the stored drop by a factor of 2 over a 5 Prepare the samples and measure the salt and PEG concentra-
day period. The assumption was that if the drops returned to tions on the Phase Chip. First, a series of drops is generated on
their initial volume when the reservoir conditions were the same the Phase Chip containing mixtures of PEG (molecular weight
as those initially, then this would prove that the PEG remained 3-35k, Sigma-Aldrich) and salt (Ammonium Sulfate, Sigma-
in the drop and did not permeate through the PDMS membraneAldrich) whose concentrations vary in a linear fashion. To
into the reservoir or oil. For example, if all the PEG left the formulate the drops we employ a technique developed for
drop, then the drop would contain only pure water and protein crystallizatiort.In this method two coflowing aqueous
consequently would not be able to attain a steady-state volumestreams, one of PEG and one of salt, merge with two opposing
when in contact with a reservoir containing a finite salt Oil streams at a nozzle, creating drops of the aqueous solution
concentration and the drop would completely evaporate. Becausd! the continuous oil phase, as shown in Figure 1a and b. The
of the |arge molecular Welght of PEG Compared to Nacly the flow rates of the PEG and salt are per|od|ca”y Varied, with one
chemical potential difference between PEG solutions and pureincreasing and one decreasing such that the total flow rate
water is much less than the chemical potentia| difference remains constant. Thus when drOpS are formed at the nOZZIe,
between salt solutions and pure water on a weight basis. A each drop has a different ratio of PEG to salt but the volume of
20% by weight solution of PEG 8000 has an osmotic press- each drop is the same. Figure 4 demonstrates how drops whose
ure that is equivalent to a 0.15 M solution of NaCl. Extensive ratio of PEG to salt varies linearly with time are created. The
tables of the osmotic pressure of PEG solutions are availabletime scale of the experiment is 45 s. Each well has a volume of
online (http://www.brocku.ca/researchers/peter_rand/osmotic/ 0-6 nL, and a total of 250 wells were filled.
osfile.html). Because of the small chemical potential difference

: (13) Zaslavsky, B. Y.; Gulaeva, N. D.; Djafarov, S.; Masimov, E. A.; Miheeva,
between PEG solutions and pure water, the flux of water L. M. J. Colloid Interface Sci199Q 137 (1), 147-156.
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In Figure 4b a sequence of 60 wells filled with drops is of each of the drops was performed using a robotic system
shown. These wells are only slightly deeper than the channels,designed for protein crystallization, the Rock Imager (Formu-
so the surface tension forces holding the drops in place are weaklatrix, Waltham, MA). This system consists of a stepping motor
When the flow rate is high, the drops flow past the wells, but driven XY translation stage and a digital camera with a zoom
when the flow is suddenly stopped by closing on-chip valves, lens and Kohler illumination. The Rock Imager can be
surface tension forces lead the drops to dock into the nearestprogrammed to acquire images as a function of time and location
available well. No surfactant is used to stabilize the drops againstand stores the images in a database. After acquisition we process
coalescence. A movie illustrating the filling process is shown the images using an image recognition software package to
in the Supporting Information, S4.4. measure the area of each drop (LabView, National Instruments).

In order to measure the salt concentration in each drop, 5%  After the reservoir is filled wi 6 M salt solution the drops
(w/v) of a blue food dye (McCormic Corp.) is added into the  are allowed to shrink and reach a steady-state size. After the
ammonium sulfate stock solution. The intensity of each drop injtia concentration of the drops is determined by analyzing
indicates the concentration of ammonium sulfate; the darker thehe intensity of transmitted light, the concentration of each of
drop, the higher the salt concentration. The intensity of yhe solutes in the drop is subsequently calculated by measuring

transmitted light was measured using a video camera and anye areq of the drop. The images of the drops are viewed, and
8-bit digitizer, as shown in Figure 4d. The salt concentration is the point at which liquierliquid phase separation is observed

Eak;'l#ate(: r1:rom the intensity ysmf? gd(.:alldbra.tlon ta}tt;:eddetermrllned is noted as the phase boundary. Figure 5 illustrates this process,
y filling the exact same microfluidic device with drops that 54 5 moyie is also in the Supporting Information, S4.5. In

all have the same known .Concentratlon of dye. The polymer Figure 5b an image of a drop at the beginning of the experiment

concentration of each drop is calculated from the salt concentra-. S . Lo

. . . - . . is shown. The solution is a homogeneous single-phase liquid,

tion since there is a specific volumetric relation between the . N h .

inaredients as aiven by Figure 4a and the composition of the drop is indicated by point (b) in the
g 9 y g ' phase diagram of Figure 5a. As the drop shrinks the concentra-

As shown iq Figure 4b the (_:olor of each drop gradl_JaIIy tions of each solute in the drop increase, but because none of
changes from light blue (upper-right) to dark blue (lower-right) the solutes leave the drop the ratio of solute concentrations

_algng tr;edflow chanQeI. The ||:r_1ten5|ti/ vgnes sr‘r:oc?hlytvr\]ntth(;[he remains constant. This constrains the solute concentration to
:‘grritlc;tiogogi da?stf)rgwenvl\?erelgvl\j:)?kirf 2;“32; rf;ér:jg AI'E[ahoumE increase linearly, and the concentrations evolve along a line

9 g gned. 9 emanating from the origin of the phase diagram in Figure 5a.
some coalescence and breakage of drops occur between dro

. . . i Figure 5c the appearance of two liquid phases is first
formation at the nozzle and drop storage in the wells, Figure ; . -
. - . observed. By measuring the area of this drop, the concentration
4c demonstrates that this mixing of drops is not enough to

homogenize the composition gradient. of the solutes is determlned_and no_te_d as point (c) in Figure 5a.
) . . . The drop continues to shrink until it reaches a steady-state
After preparing the initial conditions by formulating and

storing drops and determining their composition by analvzin volume when the reservoir flux equals the leakage flux. After
Ing drop ining thel POSIl y yzing phase separation we assume that the flux of water from the PEG-
the intensity of the blue dye, the next step is to induce the

liquid—liquid phase transition and to determine the PEG/salt rich and PEG-poor regions are equal, which allows us to indicate

composition at the phase boundary. We drive the phase transitionthe final composition of the drop as point (d) in Figure 5a. Note

b . L : that this assumption does not effect the location of the phase
y removing water from the drops. This is accomplished by bound A phot h of the final state is sh in Fi
filling the reservoir wih a 6 MNaCl solution. Initially, the salt oundary. A photograpn of the fina: state I shown in Figure
concentration inside each of the drops is much less than 6 M 5d. This Process Is repggted n para.\I.IeI for the ZSO.WeI.IS on the
so water flows out of the drops into the reservoir. As we Fnase Chip for each initial composition as shown in Figure 5a
concluded previously, the drops retain all the salt and PEG N order to determine a complete phase diagram. The entire
placed there initially, which means the ratio of salt to PEG €XPeriment was repeated with a different set of drops, which
remains constant and the solute concentrations increase as watéfemonstrates reproducibility, as illustrated in Figure 5a.
leaves the drops and the drops shrink in volume. Because only We validated the phase diagram obtained with the Phase Chip
water permeates through the PDMS and because the height oby measuring the phase diagram off-chip. Here a series of
the docked disk-shaped drops remains constant, we can detersamples in the two-phase region was prepared and then diluted
mine each solute concentration by measuring the area of thewith water until the system became a single phase. We
drop as a function of timexidrop(t) = xi)-AO/A(t), with A, and performed a dilution experiment because it is easier to add
A(t) as the initial and time-dependent area of the drop, solvent than to remove it when off-chip. Similarly to the on-
respectively, and with»(ijrop(t) and X as the time-dependent chip case, the ratio of solute concentrations remains constant
and initial concentration of the solutes, respectively, where as water is added to the mixture and the initial solute concentra-
represents PEG or ammonium sulfate. This method of determin-tions evolve along lines extrapolating to the origin. The phase
ing concentration by measuring the drop area is more accuratediagram obtained off-chip is shown in Figure 5e, and the on-
than measuring the transmitted light intensity due to the presencechip and off-chip phase diagrams are compared in Figure 5f.
of the blue dye. The on- and off-chip phase diagrams match except for low salt
In this experiment 250 wells were filled with drops of concentration. Measurement of the initial concentration of
different composition as illustrated in Figure 4. As we are ammonium sulfate is inaccurate in this region because the blue
interested in determining the area of each drop and hence thedye is very dilute and is at the limits of sensitivity of our 8-bit
concentration of its solutes as a function of time, automated digital camera. Off-chip measurements consumed 30 mL of
data acquisition and processing is desired. Automated imagingsolution in contrast to the on-chip measurements which con-
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Figure 6. Free energy of crystal formatioAG as a function of crystal
radiusr. AG, and AG. correspond to high and lowu, respectively. (a)

Initially the protein solution stored in the well is a stable single phase and
(i) 0.6 AG > 0 for all r. (b) The chemical potential reservoir (Figure 1), located
t Off-Chip  On-Chip below the well, is f_iII_ed wih 6 M NaC_I causing water to osmptically flow
=05 || * an out of the drop, raising\u and creating a free energfGp, with a small
=) nucleation barrier leading to production of many small crystals of minimum
? 04 R, sizery. (c) Next, the reservoir is filled wit 2 M NaCl, causing water to
= Q liquid-liquid flow back into the drop, lowering\u and raising the nucleation barrier,
ﬁ 0.3 H coexistence AGc. Only crystals larger than; grow while smaller crystals melt. This
g transforms the small precipitates in (b) into a single large crystal, a process
“ (.2 known as Oswald ripening. Five times fewer crystals were observed when
8 inele ph the protein drop in (a) was quenched directly to final condition (c), indicating
a 0.1 Single phase the importance of controlling the kinetic pathway for protein crystallization.
0.0 * * The protein solution was a mixture of 20 mg/mL lysozyme and 10% (w/w)
. i poly(ethylene) glycol (PEG) of molecular weight 8000 g/mol dissolved in
0.00 0.05 0.10 0.15 0.2 M sodium acetate trihydrate and 0.1 M sodium cacodylate at pH 6.5.

Ammonium Sulfate (g/ml)

Figure 5. (a) Phase diagram of a mixture of PEG 3.35k and ammonium diffraction# Currently protein crystals are produced by trial
sulfate measured on the Phase Chip. The asterisks represent the initiaand error methods, which necessitate exploring a large number

conditions of drops stored on-chip. Different colors correspond to inde- I : - . e L
pendent trials. Squares denote the phase boundary. The mixture is singleof conditions consuming milligrams of protein. Non-microfluidic

liquid phase below the boundary, and two liquid phases coexist above the Methods require about &L of solution per triak* while
boundary. Water, but not salt or PEG, is removed from the drops so the microfluidic devices have reduced the volume per trial to 1 nL
solute concentrations evolve along lines emanating‘from the orig'_rrd)(b _ or less23

The photos show the appearance of the drops while the water is leaving '

the drop. The initially homogeneous solution (b), which corresponds to the  Reducing protein consumption, although important, is not the

green circle in part (a) denoted by the letter (B), separates into two phases ; i _
shown in photo (c), corresponding to the point on the phase boundary most pressing problem facing crystallographers. Recently at

indicated by point (C) in part (a). In photo (d) the drop has moved deeper t€ntion has turned to understanding the underlying phase
into the two-phase region at the end of the experiment when the drop hasbehavior of protein crystallization as a rational approtch.
achieved steady state. A mo_vie is in the Sup_porting Information, 84_1.5. (e) However, even knowledge of the equilibrium phase behavior
The plot shows the phase diagram of the mixture measured off-chip. The . h d Is. b llizati .
initial solutions (green asterisks) are prepared in the vial with concentrations IS not er_‘OUQ to_ produce crystals, because Crys_ta |zat|pn, In
above the phase boundary so they are in the two-phase state and have general, is an activated procé&&ven when the protein solution
cloudy appearance. Then water is added to the solution until it becomes jg supersaturated so that the chemical potential of a protein
clear, which signals a single, homogeneous phase. The final concentration | le in the liquid i ter than that in th o
is calculated from the initial condition and the amount of water added onto "O€CUIE IN € IqUI. is greater than that in the cryste ( .
the solution. (f) The two-phase diagrams measured on- and off-chip are 0), & small crystal will be unstable. Due to the surface tension,
plotted together. The blue and red squares represent the on-chip measurey petween the crystal and the fluid, there is an energy barrier,
ments, and the green diamonds represent the off-chip data. AG*, that causes crystals below a certain size to dissbliTie

free energy AG) of a spherical crystal nucleus of radiug a
sumed 5QuL. Further optimization of the Phase Chip can readily protein solution of concentratiqnis AG = y4nr? — pAudmars/3
reduce the volume consumed by at least an order of magnitudeleading to a barrier of heightG* = 167y%/3p?Au? that occurs

at a radius* = 2y/pAu as shown in Figure 6. Crystals that
Separating Nucleation and Growth in Protein Spontaneously form with a radius< r* lower their free energy
Crystallization by dissolving, and only crystals larger thengrow. The free

A second application of the Phase Chip is to address the (14) McPherson, ACrystallization of biological macromoleculeSold Spring
i i i Harbor Laboratory Press: Cold Spring Harbor, New York, 1999; p 586.
problem of separ{atln.g nucleation and the growth of protein ) Anderson. M. 3.: Hansen. C. L. Ouake. SPRoc. Natl. Acad. Sci. U.S A,
crystals. The motivation to study this comes from structural 2006 103 (45), 16746-16751.
; i ; N (16) Garcia-Ruiz, J. MJ. Struct. Biol.2003 142 (1), 22-31.
biology _as itis ne.cessa.ry to crystallize a protein in order to (17) Debendetti, P. GVietastable Liquids: Concepts and Principl&sinceton
reveal its three-dimensional molecular structure by X-ray University Press: 1996.

—
[N
¢
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energy barrier often is quite large for protefiso to achieve
a finite nucleation rate’~ exp(— AG*/KT), protein solutions

(ethylene) glycol (PEG) of molecular weight 8000 g/mol
dissolved in 0.2 M sodium acetate trihydrate and 0.1 M sodium

in crystallization conditions are highly supersaturated. However, cacodylate at pH 6.5. In order to collect statistics we made all
under these circumstances both the nucleation and growth ratehe drops with identical composition. For this experiment the
are high, leading to the formation of many small and defect oil was a 10:1 mixture of 3M Fluorinert FC-43 and Tridecaf-
laden crystals that are unsuitable for X-ray diffraction. The Iluoro-1-octanol from Aldrich. The drops do not form stable
conundrum facing the crystallographer is that while the nucle- emulsions in this oil; drops merged and broke apart as they
ation of crystals requires high supersaturation, the converse ispassed over occupied wells.

true to grow large, defect-free crystals. Protein solutions are notorious for their large region of
Free interface diffusion, microbatch, and vapor diffusion are metastability'8 and deep supersaturations are required to nucle-
popular crystallization methods, which partially decouple the ate crystals. Immediately after loading the wells with drops of
physical mechanisms of nucleation and gro#fWhile these  the above protein solution the reservoir was filledhait 6 M
methods have been successfullyimplemented in microflutdics? NaCl salt solution, which causes water to flow out of the protein
their drawbacks are that they rely on irreversible kinetic drop to the reservoir, shrinking the drop and thereby concentrat-
processes, which are difficult to control and optimize, and they ing the protein solution. The drop will shrink until the chemical
do not measure the solute concentration. potential inside the drop approximately equals the chemical
Crystal seedintf is a method practiced in protein crystal- potential inside the reservoir. As the protein drop shrank a large
lization that permits independent optimization of nucleation and number of small crystals or small drops of protein gel appeared,
growth. In the crystal seeding method, solution conditions are shown in Figure 6b. A schematic representation of the free
first highly supersaturated in order to nucleate many small energy of the concentrated drop is also plotted in Figure 6 as
crystals, or “seeds”. Then a few seeds are transferred to aAG, with a small barrier height and small critical radius,
solution of low supersaturation that is optimized for growth. A consistent with the observation of the nucleation of many small
microfluidic version of seeding has recently been implemetfted. crystals. We regard this precipitated material as seeds for
Microdialysis#2627is a second method practiced in protein crystallization and subsequently change reservoir conditions by
crystallization that permits independent optimization of nucle- introducirg a 2 M salt solution into the reservoir. Water
ation and growth. In microdialysis, several microliters of protein permeates from the reservoir into the protein solution, swelling
solution are sealed in a container by a semipermeable membranghe drop (Figure 6¢) and reducing the protein and salt concen-
and subsequently submerged in a reservoir of fixed chemical trations. This lowers the chemical potential difference between
potential. Microdialysis allows changing of solvent conditions the protein in solution and in the crystal, which raises the height
so that nucleation and growth can be independently optimized. of the nucleation barrier, shown in Figure 6 A&., and also
However, these methods as currently practiced are neitherincreases the critical radiug causing all smaller nuclei to
sufficiently controlled nor conducive to high-throughput screen- dissolve and the larger crystals to grow, thereby transforming
ing. To overcome these deficiencies we utilize the Phase Chip, many small defected crystals (Figure 6b) into one large single
which incorporates the attributes of high-throughput, precision, crystal (Figure 6c).
and low volume that are characteristics of microfluidics and  Figure 7 illustrates in more detail how the kinetic path of the
allows reversible control and measurement of solute concentra-prgtein solution through the phase diagram influences the
tions. Recently an implementation of reversible permeation was ¢yystallization process. Eleven drops containing the same
utilized to find the solubility limit of protein solutiorisand to lysozyme solution described above are divided into two sets.
titrate protein and solute concentrations to just below this point. At t = g , the first set of drops was placed in dialytic contact
In contrast, we purposely reversibly cycle through supersatu- yith a 2 Msalt solution immediately after the drops are docked
ration conditions to induce nucleation and then lower super- i, the wells. After 42 h the drops had reached their steady-state
saturation to Oswald ripen numerous, small crystals into a few, concentration and none had crystallized. Finally, after 139 h,
or even a single large crystal. one of five of the drops had a single crystal. In parallel, =t
Our strategy for decoupling nucleation and growth in protein o h, the second set of drops was placed in dialytic contact with
crystallization on the Phase Chip is to first create and store dropsa 6 M salt reservoir for 42 h, which drove the protein solution
of protein solutions in a manner similar to that used in the salt/ deep into supersaturation, inducing precipitation in all of the
PEG study. As a proof of concept we used a protein solution sjx drops. We did not measure the concentration or characterize
that was a mixture of 20 mg/mL lysozyme and 10% (w/w) poly- the composition of the precipitates. After 42 h in contact with
the 6 M reservoir, we reduced the salt concentration of the
reservoir to 2 M, the same condition as that for the first set of
drops. We observed that the precipitate dissolved as the drops
swelled and the drops became clear. Within 24 h, three of the
seven drops contained a single crystal, and after another 72 h,
the remaining four drops also crystallized. After 138 h, the
second set of drops had all crystallized with six of the seven
drops containing a single crystal and the seventh drop containing
two crystals. A time lapse movie of the second from the
rightmost well in Figure 7 is shown in the Supporting Informa-
tion, S4.6. In contrast, during the same 138 h the control set of
drops, which were quenched immediately from the initial to
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Figure 7. Protein crystallization as a function of kinetic path. Each row of photographs was taken at the same moment; the first row of photos were taken
just upon filling, while the second and the third rows were taken at 42 and 138 h later, respectivAl2 A NaCl solution flows through the reservoir

for 138 h. Although the protein solution is supersaturated, after 138 h only one protein crystal out of five drops is found. (b) The reservoirith filed w

M NacCl solution for 42 h. The protein precipitates indicating this condition is deep in the supersaturation region. After 42 h the reservoirdsaiéplace

a 2 M NaCl solution. The drops first became clear, and then a single-crystal grew at the oil/water interface. At the end, five of the sixs dropsacontained
single crystal, while the remaining drop had two crystals. A time lapse movie of the second from the rightmost well is in the Supporting Infornation, S4

the final state, produced crystals in only one out of five drops. Because the PDMS membranes are thin and the protein
The two sets of drops had the same initial composition and the drops are small, the diffusion times are short and permeation is
same final composition and were observed for the same amountrapid. Phase Chips were built that were able to store 1 nL drops
of time, but the number of crystals (20% in the first set, 100% in wells at a density of 200/cfrwith up to 10 independent
in the second set) depended on the temporal trajectory throughdialysis reservoirs. The Phase Chip, with its ability to reversibly
the phase diagram. These experiments demonstrate that theontrol the water content of drops stored in wells, renders
decoupling of nucleation and growth through the process of the control and measurement of solute concentrations as
temporally tuning the protein supersaturation improves the convenient as the manipulation and measurement of temperature.
crystallization process. As a first application of the Phase Chip the phase diagram
As a final application of the Phase Chip, we reversibly grow of a mixture of PEG and ammonium sulfate was measured
and dissolve a crystal of the protein xylanase by varying the on-chip and validated off-chip. In a second application, temp-
salt concentration of the reservoir, illustrated in the Supporting oral variation of the supersaturation of a protein solution
Information, S4.7. When the reservoir contains high salt was demonstrated to enhance crystallization and control crystal
concentration, water flows out of the protein solution, dehydrat- growth. Protein crystallization is a nonequilibrium process
ing the protein solution and the crystal grows. When the requiring one set of conditions for crystal nucleation and
reservoir contains low salt concentration, water flows into the another set for crystal growth. The Phase Chip, which
protein solution and the crystal dissolves. This demonstratesallows dynamic control over the key thermodynamic variable,
the ability to precisely control and measure crystal growth concentration, is an ideal platform for optimization of this

conditions.

Conclusion

We have manufactured a class of microfluidic devices

process.
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multicomponent aqueous systems. The device consists of a

solute formulation stage, a droplet creation stage, and a droplet Note Added after ASAP Publication. The axis labels in
storage stage in which the solute concentration can be reVGrSib|yFigure 5 have been corrected. The version of the paper published

varied. The storage compartment contains a semipermeableon June 20, 2007 was replaced with the corrected version on
membrane through which water passes, but not protein, PEG,July 2, 2007.

or salt. The water content of the stored drop is controllably
varied by filling a reservoir located across the membrane from
the storage well with a salt solution of a specific molarity. The
water permeability of the Phase Chip was experimentally
investigated and quantitatively modeled with transport theory. JA071820F

Supporting Information Available: Details of device fabrica-
tion, movies of Phase Chip in action. This material is available
free of charge via the Internet at http://pubs.acs.org.
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