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Liquid —Liquid Phase Transition of Protein Aqueous Solutions
Isothermally Induced by Protein Cross-Linking
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We experimentally demonstrated that liquiitjuid phase separation (LLPS) of protein aqueous solutions can be
induced by isothermal protein oligomerization. This phenomenon is analogous to LLPS induced by the polymerization
of small organic molecules in solution. Specifically, using glutaraldehyde for protein cross-linking, we observed the
formation of protein-rich liquid droplets for bovine serum albumin and chicken egg lysozymé@t Zhese droplets
evolved into cross-linked protein microspheres. If the aqueous solutions of the protein monomer do not show LLPS
at temperatures lower than the oligomerization temperature, protein-rich droplets are not observed. We experimentally
linked the formation of these droplets to the increase of LLPS temperature during protein oligomerization. When
macroscopic aggregation competes with LLPS, a rationale choice of pH, polyethylene glycol, and salt concentrations
can be used to favor LLPS relative to aggregation. Although glutaraldehyde has been extensively used to cross-link
protein molecules, to our knowledge, its use in homogeneous aqueous solutions to induce LLPS has not been previously
described. This work contributes to the fundamental understanding of both phase transitions of protein solutions and
the morphology of protein condensed phases. It also provides guidance for the development of new methods based
on mild experimental conditions for the preparation of protein-based materials.

Introduction formation of protein aggregates associated with various

disease§:14

The association of proteins also can be intentionally induced
by chemical cross-linking, using bifunctional agents such as
glutaraldehydé3-15-22 Protein cross-linking has found applica-
tions in biochemistry for studying prote#protein interaction§-20
and crystallography for the chemical stabilization of good-quality
protein crystal22 Furthermore, since proteins display important
chemical properties such as ligand binding, catalytic activity,

Isothermal polymerization reactions of small organic molecules
can bring about phase transitions from initially homogeneous
liguid mixtures!~7 This phenomenon is quite common in
industrial polymerization processé¥he observed phase separa-
tion is related to the poor monomesolvent miscibility and to
the decrease of solution mixing entropy caused by polymerization.
The interplay between polymerization and phase transitions is

;Zf,%?gﬁ'bIeeiogfviﬁ'Orl:]zm'ighosﬁgggzs%%ﬁ Z‘ZSC? I[;?&tltlir2\?]'10|_|re?]((:;i’chemical-environment sensitivity, biocompatibility, molecular
yp poly P y ' P ?ecognition, and versatility to chemical modifications, they are

aggregates, microspheres, or bicontinuous gel-like networks Car\/ery valuable for applications in biotechnology and materials

be produced depending on the chosen experimental Cond't'o.ns'science. Thus, cross-linking is also used for the preparation of

According to the type of application, one polymer-rich phase is

preferred with respect to another. Thus, polymerization-induced
phase transitions have been extensively studied to understand

and control phase morphologi&s

Polymerization reactions also involve large molecules such as

proteins. For example, actiand sickle-cell hemoglobifiilare

protein-based materia?$:22For instance, in enzymology, cross-
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linked enzyme crystals and aggregates find applications relevant Materials and Methods

to petroleum products, due to their superior stability and  \aterials. Bovine serum albumin and chicken egg lysozyme
recyclability as compared to the free enzyHe."??In phar- were purchased from Sigma. The molecular weight was assumed
maceutics, cross-linked albumin microspheres are used for loadingto be 66.4 kg/mol for serum albumin and 14.3 kg/mol for lysozyme.
drugs relevant to medical diagnosis and drug delivéifjhese HPLC (System Gold, Beckman Coulter) with a size-exclusion column

applications of proteins as materials are expected to steadily(Biosep-SEC-S 2000, Phenomenex) on lysozyme showed the purity
increase due to protein engineerfig. to be better than 99%. In the case of serum albumin, HPLC shows

L . . the presence of 20% oligomers. Thus, further purification was
Inthe absence of cross-linking agents, protein aqueous solutiongyerformed for albumin using size-exclusion preparative chroma-
are generally subject to phase transformations such as crystaltography“° The column was packed using Sephacryl S-200 purchased
lization, aggregation, and gelation, depending on the experimentalfrom GE Healthcare. The mobile phase was a sodium phosphate
conditions?328-42 Currently, it is not well-understood as to how  buffer (0.05 M, pH 7.1), and the flow rate was 1.5 mL/min. The
agiven experimental condition favors one transformation relative serum albumin monomer fraction was collected and stored@t 4
to another. Moreover, few proteirbuffer systems (i.e., lysozyme Size-exclusion HPLC %n the monomer fraction showed the purity
and several eye-lens proteins) are known to undergo liquid to be better than 99%. Protein solutions were then dialyzed

S . . exhaustively (Amicon, Millipore) into the desired aqueous buffer.
liquid phase separation (LLPS) by lowering the temperature of The concentration of serum albumin in solution was determined by

homogeneous protein solutioffsi**This phase transition can Yy absorption at 278 nm (DU 800 spectrophotometer, Beckman
be observed for a wider range of protein cases if polyethylene Coulter), using an extinction coefficient value of 0.667 ThqiL
glycol (PEG) is added to the proteibuffer systems$84°Since cm 1.4 The concentration of lysozyme in solution was determined
LLPS is driven by the presence of net attractive interactions by UV absorption at 280 nm, using an extinction coefficient value
between protein moleculésthe location of the corresponding ~ 0f2.64mg*mL cm™™.*Polyethylene glycol (PEG) with an average
phase boundary in the temperatut®ncentration phase diagram ~ Melecular weight of 8.0 kg/mol (PEG8000), sodium chloride, and
has been measured to characterize molecular interaéfighg. 42 buffer components (sodium acetate, monobasic sodium phosphate,
. . anhydrous dibasic sodium phosphate, and boric acid) were purchased
Furthermore, LLPS is metastable with respect to other phasefom Fischer Scientific and used without further purification.
transformationd? Thus, this phase transition is interesting not pPEG8006-buffer and NaCkbuffer stock solutions were prepared
only because it competes with crystallization, aggregation, and by weight. Small amounts of these solutions were added to pretein
gelation but also because it provides a distinctive kinetic route buffer solutions, and the final concentrations were determined by
for these other process#s2>3234inally, the phase behavior of ~ Weight. Glutaraldehyde (25% aqueous solution) was purchased from
protein solutions becomes even more intriguing if proteins Acros and u;ed Wlthoutfurtherpurlflcatlon: Glutaraldehydeffer
undergo chemical association in solutidn. stock solutions were pre_pared by weight. _Small aliquots _ of
. . glutaraldehyde stock solutions were added prior to the physico-
Here, we demonstrate that, under specific experimental chemical characterization. Phase separation was complete after a
conditions, the addition of glutaraldehyde to homogeneous given time that increased as the glutaraldehyde concentration
aqueous solutions can isothermally induce LLPS and the decreased. The final protein concentration in the protein dilute phase
consequent formation of cross-linked protein-rich droplets. We (supernatant) was measured and found to decrease as the concentration
relate this phenomenon to protein oligomerization in solution. of glutaraldehyde increased. Within our experimental domain, this

This behavior is analogous to the phase separation induced b}poncentratlon ranged from 5 to 90% of the initial protein concentra-

the polymerization of small ic molecules. Although 'O
e polymerization of small organic molecules. oug Microscopy. After phase separation was completed, the protein

glutaraldehyde has been extensively used to cross-link proteincongensed phase was observed under a light microscope (Axioskop
molecules’>19 to our knowledge, its use in homogeneous 40, Zeiss) using phase-contrast microscopy. Images were taken using
solutions to induce LLPS has not been previously described. a digital camera (Axiocam MRc, Zeiss) interfaced by a computer
Understanding as to how protein cross-linking induces LLPS with software (Axiovision AC 4.5, Zeiss). The microsphere size
and the design of the experimental conditions that favors this Was determined using the ImageJ software. Images were also taken

process is of fundamental importance for applications of proteins USing the more invasive scanning electron microscopy (JSM-6100,
in chemistry, biology, and materials science JEO). These images confirmed our observations by light microscopy.

Energy dispersive X-ray spectroscopy (500, IXRF Systems) shows
a significant presence of sulfur inside the microspheres, thereby
(28) Ducruix, A.; Giege, RCrystallization of Nucleic Acids and Proteins: A confirming their high protein concentration.

Practical Approach (Practical Approach Serie€xford University Press: Oxford, Measurements of LLPS Temperature The LLPS temperature

1999. - ¢
(29) Finet, S.; Vivares, D.; Bonnete, F.; Tardieu,Methods EnzymoR003 Tgh, of the cross-linker-free protein aqueous samples was deter-
368 105-129. ) ) mined by measuring sample turbidity as a function of temperature.
(30) Chayen, N. ECurr. Opin. Struct. Biol.2004 14, 577-583. A turbidity meter was built by using a programmable circulating
(31) Yau, S. T.; Vekilov, P. GNature (London, U.K.200Q 406, 494-497. bath (1197P. VWR d h d ical cell wh
(32) Galkin, O.; Vekilov, P. GProc. Natl. Acad. Sci. U.S.R00Q 97, 6277~ ath ( g ) connected to a homemade optical cell where
6281. the sample is located. The temperature at the sample location was
(33) Gliko, O.; Neumaier, N.; Pan, W.; Haase, |.; Fischer, M.; Bacher, A.;  measured by using a calibrated thermocougl@ {°C). Light coming
Weinkauf, S.; Vekilov, P. GJ. Am. Chem. So@00§ 127, 3433-3438. from a solid-state laser (633 nm, 5 mW, Coherent) passes through
(34) Muschol, M.; Rosenberger, B. Chem. Phys1997 107, 1953-1962. th | ith tical th of 0.40 d the t itted
(35) Tanaka, H.; Nishikawa, YPhys. Re. Lett. 2005 95, 78103. the sample with optical path of 0.40 ¢m, and the transmitte
(36) Taratuta, V. G.; Holschbach, A.; Thurston, G. M.; Blankschtein, D.; intensity,l, is measured using a photodiode detector and a computer-
Benedek, G. BJ. Phys. Chem199Q 94, 2140-2144. interfaced optical meter (1835-C, Newport). For a given transparent

(37) Annunziata, O.; Asherie, N.; Lomakin, A.; Pande, J.;Ogun, O.; Benedek, sample, the transmitted intensity,was measured. The temperature
G. B. Proc. Natl. Acad. Sci. U.S.2002 99, 14165-14170.  th ter bath towy 4 (6@mi i
(38) Annunziata, O. J.; Ogun, O.; Benedek, GPBoc. Natl. Acad. Sci. U.S.A. of the water bath was slowly decreased (0G/min), an €

2003 100 970-974. _ temperaturer Sh at which the turbidityr = (1/L) log(l¢/l) shows a
(39) Bloustine, J.; Virmani, T.; Thurston, G. M.; Fraden Phys. Re. Lett. sharp increase was tak&%45 For LLPS measurements during

20?20?%\,212120% - Annunziata, Ql. Phys. Chem. 2007, 111, 1222-1230 protein cross-linking at 25, we determined the LLPS temperature,

(41) Lomakin, A.; Asherie, N.; Benedek, G. B. Chem. Phys1996 104,
1646-1656. (43) Foster, J. F.; Sterman, M. D. Am. Chem. Sod.956 78, 3656-3660.

(42) Petsev, D. N.; Wu, X. X.; Galkin, O.; Vekilov, P. G. Phys. Chem. B (44) Sophianopoulos, A. J.; Rhodes, C. K.; Holcomb, D. N.; van Holde, K.
2003 107, 3921-3926. E. J. Biol. Chem1962 237, 1107-1112.
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Ten, @s a function of time from the beginning of cross-linking. For
these experiments, a given aliquot of the reacting mixture was
transferred into a test tube, and its temperature promptly decreased
to minimize the measurement time. The time and temperature at
which the sample turbidity shows a sharp increase were taken.

Measurements of Turbidity Induction Times. After glutaral-
dehyde was added to the protein samples, the turbidity was monitore
as a function of time at 25.8 0.1 °C. For the oligomerization-
induced LLPS experiments, the valuer(t) remained equal to zero
after the addition of glutaraldehyde. However, after a well-defined
and reproducible induction time was reached, a rapid increase of
turbidity was observed. To characterize the rate of opacification, we
determined the induction timg,q, by extrapolation of the turbidity
data to zero turbidity.

Measurements of Light Scattering. Measurements of static and
dynamic light scattering were performed at 25:00.1 °C. After
glutaraldehyde was added, all protein samples were promptly filtered
through a 0.02m filter (Anotop 10, Whatman) and placed in a test

Langmuir, Vol. 24, No. 6, 200801

interaction8! or macromolecular crowdint.Models based on
this mechanism have been qualitatively successful in describing
the effect of PEG on the LLPS of protein solutions for several
protein cases including albumt#3840

We performed albumin cross-linking in the presence and

dabsence of PEG at Z%&. Our main results are summarized in

Figure la-c for the cross-linking experiments in the presence
of PEG (PEG8000 6.0% (w/w)) and in Figure 1d for those in
the absence of PEG. Figure-a illustrates the presence of
protein-rich droplets typical of LLPS at three cross-linker
concentrations. The LLPS boundary of the corresponding cross-
linker-free systemis Iocated'ﬁ‘lgh =—12°C. Aswe will discuss
later in more detail, protein oligomerization is responsible for
increasing the LLPS temperature, thereby bringing the system
into a nonequilibrium state at the reaction temperature 25
Contrary to ordinary LLPS, this process is irreversible due to

tube. The experiments were performed on a light-scattering apparatuschemical cross-linking. Hence, the final product is cross-linked

built using the following main components: Héle laser (35 mW,

protein microspheres. For the experiments in the absence of PEG,

632.8 nm, Coherent Radiation), manual goniometer and thermostatprotein aggregates with no defined morphology were observed

(Photocor Instruments), multi-tau correlator, and APD detector and
software (PD4042, Precision Detectors). All measurements were
performed at a scattering angle of°9The protein contribution to
light-scattering intensitys, was obtained by removing the scattered
intensity contributions of the corresponding protein-free samples.
The scattered intensity ratigli 2, wherei ? is the initial value ofs,

was then calculated. The dynamic light scattering (DLS) correlation
functions were analyzed using a regularization algorithm (Precision
Deconvolve 32, Precision Detectof§f-or monomodal distributions,

the apparent hydrodynamic radiu®,, was calculated using the
Stokes-Einstein equation:R, = kgT/(6r7[D),*” wherekg is the
Boltzmann constant; is the absolute temperaturgis the viscosity

of the protein-free mixtures, and[] is the z-average diffusion
coefficient. After a given induction time, a second light-scattering
peak corresponding to protein clusters was observed. The hydro-
dynamic radiusR(®, was calculated from theaverage diffusion
coefficient of this slow diffusion mode.

Results and Discussion

Oligomerization-Induced LLPS of Albumin Solutions. We
performed protein cross-linking reactions in agueous solutions
of bovine serum albumin using glutaraldehyde as the cross-
linking agent. Although the mechanism of proteglutaraldehyde
binding is rather complex due to the participation of glutaral-
dehyde oligomers, it is well-established that this bifunctional
cross-linker mainly reacts with tkeamino group of the lysines
located on the protein surface. Cross-linking experiments were
performed as a function of glutaraldehyde concentration at a
protein concentration of 10 mg/mL and at pH 5.2, close to the
isoelectric point'®

At pH 5.2, we previously reported LLPS of albumin aqueous
solutions. We found that LLPS of albumitbuffer solutions
does not occur for protein concentrations as high as 400 mg/mL
and temperatures as low a45 °C. However, if PEG is added
to the albumir-buffer solutions, LLPS can be readily induced
by lowering the sample temperature. The effect of PEG can be
described through the influence of mutual volume exclusion on
the entropy of the system, thereby creating an effective attraction
between the protein molecules responsible for LEPS This
mechanism is usually denoted using the terms: depletion

(45) Liu, C.; Asherie, N.; Lomakin, A.; Pande, J.; Ogun, O.; Benedek, G. B.
Proc. Natl. Acad. Sci. U.S.A.996 93, 377—382.

(46) Lomakin, A.; Teplow, D. B.; Benedek, G. Blethods Mol. Biol2005
299 153-174.

(47) Pecora, RDynamic Light ScatteringPlenum Press: New York, 1985.

(48) Tanford, C.; Swanson, S. A.; Shore, S.JAAmM. Chem. S0d.955 77,
6414-6421.

by both light microscopy and scanning electron microscopy.
These amorphous aggregates are shown in Figure 1d. Thus, our
results demonstrate that the presence of the LLPS boundary in
the phase diagram of protein solutions qualitatively affects the
morphology of the protein condensed phase generated from cross-
linking.

From Figure 1ac, we can also observe that the average radius
of the final cross-linked microspheres decreases as the glut-
araldehyde concentration increases. To explicitly show this
behavior, we report the average radiRspf the microspheres
as a function of cross-linker concentration in Figure 2a.
Correspondingly, in Figure 2b, we show thRt?! linearly
decreases withce, approaching zero as the cross-linker
concentration vanishes. The observed behavior suggests that the
final size of the microspheres is governed by the nucleation of
the protein-rich droplets from the metastable solution. According
to nucleation theory3the radius of the critical nucleus decreases
as the supersaturation increases. Thus, if a higher cross-linker
concentration brings the system into a higher final supersaturation
with respectto LLPS, the average radius of the nucleating particles
decreases as the cross-linker concentration increases.

Oligomerization-Induced LLPS of Lysozyme SolutionsWe
also performed protein cross-linking reactions in aqueous
solutions of chicken egg-white lysozyme at 2& using
glutaraldehyde as the cross-linking agent. Cross-linking experi-
ments were performed as a function of glutaraldehyde concen-
tration at a protein concentration of 10 mg/mL.

Lysozyme is known to undergo LLPS without the assistance
of PEG. LLPSin lysozyme aqueous solutions has been previously
reported at pH 4.5 and 7.1. Consequently, we performed our
cross-linking experiments at these experimental conditions. We
observed that lysozyme has a net positive charge at these two
pH values (pl~ 11)5* This implies that salt must be added to
the protein solutions to screen electrostatic repulsive interactions
between the protein molecules. For all our lysozyme experiments,
we experimentally measured the LLPS temperaﬂjﬁg, of the
corresponding cross-linker-free systems.

(49) Tardieu, A.; Bonnete, F.; Finet, S.; Vivares, Acta Crystallogr., Sect.
D: Biol. Crystallogr. 2002 58, 1549-1553.

(50) Adams, M.; Fraden, Biophys. J.1998 74, 669-677.

(51) Kulkarni, A. M.; Chatterjee, A. P.; Schweizer, K. S.; Zukoski, CPRys.
Rev. Lett. 1999 83, 4554-4557.

(52) Hall, D.; Minton, A. P.Biochim. Biophys. Act2003 1649 127-139.

(53) Kashchiev, DNucleation: Basic Theory with ApplicatiorButterworth—
Heinemann: Oxford, 2000.

(54) Tanford, C.; Wagner, M. LJ. Am. Chem. Sod.954 76, 3331-3336.
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(A)

Figure 1. Images taken with a light microscope using phase contrast. LLPS induced by albumin cross-linkingCag28 at three
representative glutaraldehyde concentrations: gA)= 0.075%; (B)cc. = 0.15%; and (Ckc. = 0.30%. The cross-linked microspheres
were obtained from 10 mg/mL albumin in aqueous sodium acetate buffer, 0.1 M, pH 5.2, PEG8000 6.0% (w/\fCafTe® LLPS

temperature of the cross-linker-free syster jgs = —12 °C. (D) Cross-linked amorphous aggregates obtained from 10 mg/mL albumin in
agueous sodium acetate buffer, 0.1 M, pH &R, = 0.1% at 25°C. The length of the horizontal bars is ifn.

Our results are summarized in Figure 3a,b. Figure 3 illustrates increases with the pH at a given cross-linker concentration. This
the presence of protein-rich droplets for lysozyme at pH 4.5 and effectis mainly related to the corresponding increase in chemical
7.1. We found that the phase-separation process of albuminreactivity of the lysine=-amino groups of the proteii.Indeed,
solutions at pH 5.2 is significantly faster than that of lysozyme thetjyy~* values at pH 7.1 are significantly higher than those at
solutions at pH 4.57.1. This can be related to the significantly pH 4.5 even wheﬁ'gh at pH 4.5 is higher than at pH 7.1.
lower number of lysines of lysozyme (six) as compared to albumin  To further characterize the effect of pH on phase separation,
(60). Moreover, contrary to the albumin case, the size of the we also performed cross-linking of the lysozyme at pH 9.1 closer
cross-linked protein microspheres was found to be independentto the isoelectric point. At this pH, measurements of static and
of the cross-linker concentration. This suggests that the final size dynamic light scattering show that the lysozyme undergoes
of the microspheres does not decrease as the rate of nucleatioaggregation even in the absence of cross-linkers. Interestingly,
increases. In this case, the growth rate of the droplets may alsothe aggregation rate decreases as the NaCl concentration increases.
play a significant role. This behavior can be related to the weakening effect of salts on

Since the phase-separation process of the lysozyme solutionsslectrostatic attractive interactions between the oppositely charged
is relatively slow, we accurately examined the effect of pH and surface groups of the protein molecules. However, we remark
NaCl concentration on the kinetics of LLPS separation by thatthe LLPS temperature increases with the NaCl concentration.
determining the turbidity of the protein samples as a function of This implies that salt favors LLPS with respect to aggregation.
time from the beginning of the reaction. As shown in Figure 4a, We also investigated protein aggregation in the presence of PEG.
the turbidity is observed to sharply increase after a well-defined We found that both aggregation rate and LLPS temperature
and reproducible induction timeig, which can be used to  increase with the PEG concentration. This behavior is consistent
characterize the rate of phase separation. In Figure 4b, we showith the presence of depletion forces, which enhance pretein
thatti,g~* increases with the cross-linker concentratiaf, as protein attraction, thereby favoring both aggregation and LLPS.
expected. At a given pH and cross-linker concentratigar,* The effect of cross-linking on the phase separation of lysozyme
increases with salt concentration. This effect, which is larger at solutions is consistent with the observed behavior. In the presence
pH4.5thanat pH 7.1, can be related to the corresponding effectof NaCl at 0.5 M and higher concentrations, we observed the
of the salt concentration ofi}, because a higher value ?ﬁﬁh formation of droplets (see Figure 5a). On the other hand, at low
implies a smaller difference between the initial LLPS tempera- salt concentrations or in the presence of PEG, we observed the
ture and the cross-linking temperature. Moreover, an increase information of amorphous macroscopic aggregation (see Figure
Tgh is also related to a corresponding increase in the magnitude5b). For the latter case, the corresponding sample turbidity steadily
of protein—protein attractive interactions. This favors cross- increases with time, contrary to the typical turbidity profile
linking by promoting more contacts between the protein associated with oligomerization-induced LLPS. Hence, the
molecules. Finally, Figure 4b also shows that significantly presence of the LLPS boundary in the protesolution phase
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Figure 2. (A) Average radius of albumin microspherdg, as a
function of glutaraldehyde concentratioty;.. The experimental
conditions are those described for Figure 1. (B) InversR af a
function of cc.. The R™1 data were fitted to straight lines.

Figure 3. Images taken with a light microscope using phase contrast.
LLPS induced by lysozyme cross-linking at 26. Cross-linked
diagram may not necessarily lead to the formation of protein- lysozyme microspheres are reported for two representative cases:
rich droplets if protein aggregation is relatively fast. From these (A) 10 mg/mL lysozyme in aqueous sodium acetate buffer, 0.1 M,
observations, we deduced that specific conditions of pH, PEG, pH 4.5, NaCl 0.5 Mg, = O.1%,T3h =—12°Cand (B) 10 mg/mL
and salt concentrations can be chosen so that LLPS is favoredysozyme in sodium phosphate buffer, 0.1 M, pH 7.1, NaCl 1.0 M,
with respect to aggregation. CoL = 0.1%,Tgh = —1.7°C. The length of the horizontal bars is

In the following two sections, we will examine two important 10 um.
aspects of oligomerization-induced LLPS in more detail: (1) the
effect of oligomerization on the LLPS temperature and (2) the
kinetic evolution of oligomerization-induced LLPS. We will focus

intensity ratiag/i 2 Since the light-scattering intensity is directly
proportional to the mass-average molecular weight of the protein

. 20
on the following two systems: albumirPEG8006-buffer at oligomers, the ratidg/i ¢ is equal to the mass-average degree of

. o 0

pH 5.2 and lysozymeNaCl—buffer at pH 4.5. For the lysozyme oligomerizatior?® We can see that thesw'T 5y curves reported

system, we successfully used DLS to monitor the onset of phase®S @ function ofs/i  in Figure 6b are close to each other, even

separation since the corresponding cross-linking rate was10Ugh theTph curves in Figure 6a are significantly separated.

sufficiently slow. Thus, the effect of oligomerization on the LLPS temperature is
Effect of Oligomerization on LLPS Temperature. As the similar for both proteins. o

degree of oligomerization increases, the LLPS boundary moves 1 N€ increase offy, with the %I(()ag_ree of polymerization has

toward higher temperatures. To experimentally demonstrate thisPeen theoretically investigaté#.*® Since models based on hard

effect, we performed measurements of the LLPS temperature,Sphe,reS hiave been used to describe the phase behavior of protein
Ton, as a function of timef, starting from the initial LLPS  Solutionsi*those based on hard-sphere ch#rS will be used

to examine the effect of protein oligomerization. Banaszak et
al5” have reported a perturbation theory based on Wertheim’s
Stheoretical framewo® to determine the effect of hard-sphere

temperature,‘l'gh, of the protein monomer. In Figure 6a, we
experimentally demonstrate the increaseTgf with time for
both protein cases. As expected, the rate of increase of the LLP
temperature found for albumin was significantly larger than that (55) Munk, P.; Aminabhavi, T. Mintroduction to Macromolecular Science
found for lysozyme. 2nd ed.; John Wiley and Sons: New York, 2002.

To further examine the effect of oligomerization on the LLPS Eg% gg:;sgakTMGec'?ﬁgvV\\; '\C/'J_-R%*&g?z- F’BIQ{/SSZCJF?; é_l“é t;‘t‘3%\l—olr:‘ii3n9e-ar
temperature, we measured the protein contribution to light- sof Matter Physi993 48, 3760-3765. T '
scattering intensityis, as a function of time starting from the (58) Yethiraj, A.; Hall, C. K.J. Chem. Phys1991, 95, 8494-8506.

P . . -0 : (59) Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radoszlnhll. Eng.
initial intensity, i;. In Figure 6b, we report the absolute ., =% Res199Q 29, 1709-1717.

temperature ratio:Tpr/Tgh as a function of the corresponding (60) Wertheim, M. SJ. Chem. Phys1986 85, 2929-2936.
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Figure 4. (A) Turbidity, 7, as a function of timet, after cross-
linking has started. This turbidity profile was obtained at@5for
the representative case: 10 mg/mL lysozyme in aqueous sodiumFigure 5. Images taken with a light microscope using phase contrast.
acetate buffer, 0.1 M, pH 4.5, NaCl 0.5 g5, = 0.5%. (B) Inverse (A) LLPS induced by lysozyme cross-linking at 2%. The

of the induction timetjq, as a function ofc,_ for four representative experimental conditions are 10 mg/mL lysozyme in sodium borate

cases at 23C: 10 mg/mL lysozyme in aqueous sodium acetate pyffer, 0.2 M, pH 9.0, NaCl 0.5 Mge, = 0-1%,T3h = —4.3°C.
buffer, 0.1 M, pH 4.5, NaCl 0.5 I\/I'l'gh = —12°C (open circles); (B) Amorphous aggregation induced by lysozyme cross-linking at
10 mg/mL lysozyme in agueous sodium acetate buffer, 0.1 M, pH 25 °C. The experimental conditions are 10 mg/mL lysozyme in
4.5, NaCl 1.0 M, T, = —2.9 °C (closed circles); 10 mg/mL  sodium borate buffer, 0.2 M, pH 9.0, PEG8000 2.5%,= 0.1%,
lysozyme in aqueous sodium phosphate buffer, 0.1 M, pH 7.1, NaCl Tgh = —4.3°C. The length of the horizontal bars is .

0.5 M, Tgh = —6.6 °C (open squares); and 10 mg/mL lysozyme

aqueous sodium phosphate buffer, 0.1 M, pH 7.1, NaCl 1.0 M, critical point. We can therefore conclude that all our experimental
Tph =-1.7°C (Closed Squares). The SO|Id curves are guldes fOI’ Va'ues Oprh/Tgh’ reported in F|gure 6b are S|gn|f|cant|y |ower
the eye. _ than these theoretical predictions. The same conclusion is obtained
connectivity on the LLPS phase boundary. This theory was found it the Baxter potential (sticky spheré&)s employed instead of

to be in good agreement with the Monte Carlo results of Yethiraj ¢, square-well potential. A more direct, yet approximate
and Hall>® In their model, chain connectivity is introduced by comparison between our experimental resuilts and dimer prediction
applying t?e_rmoqunamlc perturbat_|on th‘?‘”y to th_e hgrd-sphere can be made if we consider the experimer‘lt@ﬂ/Tgh values
monomet® with diametero. The chair-chain attractive interac- corresponding to a number-average degree of oligomerization

tions, which are responsible for LLPS, were |ntroduceq using equal to 2. If we assume the most probable distributiome
the square-well potentfdifor the monomer with a well width . 0 .0
must consider the values o'l‘ph/Tph at igfig of 4 for the

A of 1.50, according to the BarkerHenderson perturbation ) ) 0 .
theory®2For monodisperse hard-sphere chains, BanaszaRetal. cOmparison. We obtaifip/T ;, of 1.1 for both protein cases.
This value corresponds to an increase in temperature that is only

have reported the increase of critical temperature as a function ) - X
about 25% of that predicted by the model. Itis, however, important

of chain length. We used their model to compmﬁ/Tgh as a bear in mind that th fthi . < affected
function of protein volume fractionp, and chain length. Here, to bear in mind that the accuracy of this comparison is affecte

we will focus on the monodisperse dimer. This species representsby the polydisperse nature of the cross-linked protein oligomers.
the smallest hard-sphere chain. Fortunately, an experimental comparison of LLPS phase

For the dimer, we compufﬁ)h/Tgh of 1.4 at our experimental boun(t:iaéles_between ;n(ljlpodlsperss dllme:aﬁr%impnomer has been
protein concentration= 0.007) andl'pthgh of 1.3 around the reported usingb-crystaliin as a model protefitAs in our case,

(61) Reichl, L. EA Modern Course in Statistical Physjddniversity of Texas (63) Baxter, R. JJ. Chem. Phys1968 49, 2770-2774.
Press: Austin, TX, 1980. (64) Flory, P. JPrinciples of Polymer ChemistrfCornell University Press:
(62) Barker, J. A.; Henderson, Rev. Mod. Phys1976 48, 587-671. Ithaca, NY, 1953.
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Figure 7. Average hydrodynamic radius of oligomeiR,( solid

data points) and mesoscopic clusteRgq, open data points) as a
function of time,t, during cross-linking at 25C and at three
representative glutaraldehyde concentrations: 0.045% (squares),
0.070% (circles), and 0.090% (diamonds). The dashed vertical lines
] identify the light-scattering induction time for the formation of protein

b clusters. These data were taken for 10 mg/mL lysozyme in sodium
acetate buffer, 0.1 M, pH 4.5, 0.5 M NaCl. The solid curves are
guides for the eye.

] with an average hydrodynamic radii&®,, larger than 100 nm

7 (squares in Figure 7). The size of these mesoscopic scattering
] elements increases with time. From Figure 7, we can see that the
- protein clusters are detected at approximately the same oligomer
] average radius and, consequently, at the same degree of
oligomerization, independent of the cross-linker concentration.

7 In the case of albumin, we obtained similar results. However,

i | ig the formation of protein clusters could not be quantitatively

) ) ] monitored by DLS due to the generally fast kinetics of phase
Figure 6. (A) LLPS temperatureTy, as a function of timet, separation. Moreover, for those cases in which the rate of phase

during cross-linking at 28C. These data were taken for 10 mg/mL . . .
alburr%in in sodiumgacetate buffer, 0.1 M, pH 5.2, PEGBOOOgG.O%, separation was sufficiently reduced by using very low glutaral-

ceL = 0.015% (squares), and 10 mg/mL lysozyme in sodium acetate dehyde concentrations, the hydrodynamic radius of the incipient
buffer, 0.1 M, pH 4.5, NaCl 0.5 Mgc, = 0.050% (circles). (B) protein clusters was found to be already significantly larger than
Corresponding ratio of absolute temperatufigg/T o, as afunction 1 x#m, which is outside the DLS domain. _

the ratio of light-scattering intensitiesy/i 2. The solid curves are Using our DLS results, we examined the effect of cross-linker
guides for the eye. concentration on both the rate of protein oligomerization and the

size of the protein clusters. To examine the protahgomer-
their experimentaﬂl'ph/Tgh values are also significantly lower  ization rate, we determined the initial slope:Ritit)—o/Rp) as
than the theoretical predictiopy/ Tpr’ is 1.05 a of 0.007 and a function of glutaraldehyde concentration for both protein cases.
1.1 at¢ of 0.2, close to the critical point. Thus, although the This quantity is_ related to the initial ol?gomerization rateJKcl/_
model used previously qualitatively describes the increase of dt)i—o, wherec is the mass concentration of the monomer. Since
LLPS temperature with the degree of oligomerization, it Raisinversely proportional to theaverage diffusion coefficient:
. g . ) 0
significantly overestimates the experimental valueS@fT .
Kinetic Evolution of Oligomerization-Induced LLPS. For

8

both lysozyme and albumin solutions, we used DLS to examine R, £ i
their macromolecular size distribution as a function of time after —_—=— 1)
the addition of glutaraldehyde. Figure 7 summarizes our DLS Rho e
results on lysozyme at three representative glutaraldehyde Z 104G;
=

concentrations. During the initial stage of cross-linking, the
macromolecular distribution is monomodal. The corresponding
average hydrodynamic radiug,, was calculated (see Materials
and Methods) and reported as a function of timstarting from

the initial hydrodynamic radiusR?, of the protein monomer
(circles in Figure 7). The value d&, increases with due to
protein oligomerization. After a given induction time, there was
a sharp change in total scattered intensity, and the distribution 1 (dR, 1 (dc;
became bimodal. The second peak corresponds to protein clusters — ( ) =2(0,— 1)— (H)t—o (2)

0 0
R, G
(65) Asherie, N.; Pande, J.; Lomakin, A.; Ogun, O.; Hanson, S. R. A.; Smith, . . 0 . .
J. B.; Benedek, G. BBiophys. Chem1998 75, 213-227. wherea, < 1 is the ratio ofR,, to the hydrodynamic radius of

wherec; is the mass concentration of protein speéjeanda;

is the ratio of the initial hydrodynamic radius to the hydrodynamic
radius of specieis We haven, of 1 for the monomer by definition
ando; < 1 forthe protein oligomers (with= 1). By differentiating

eq 1 with respect to time and taking the limittef- 0, we obtain:

dt /=0
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. N o . Figure 9. (A) Average hydrodynamic radiuR®, as a function of
Figure 8. Derivative (Rydt)—o/Ry as a function of glutaraldehyde 515 dehyde concentrations, . The experimental conditions are
concentrationgc at 25°C. (A) 10 mg/mL albumin in sodium acetate . - ) .
buffer, 0.1 M, pH 5.2, PEG8000 6.0% and (B) 10 mg/mL lysozyme those described in Figure 7. (B) InverseRif as a function otc, .
in sodium acetate buffer, 0.1 M, pH 4.5, 0.5 M NaCl. The datawith The R{¥)~ data were fitted to straight lines.
ccL > 0.025% were fit to straight lines.

the dimer, anct? is the monomer mass concentratiort at 0 We can see thaR{? decreases asc, increases. Correspond-
(i.e., the total mass concentration). We therefore conclude thatingly, (Rﬁf))—l linearly increases witlce, in Figure 8b. Our
(dRh/dt)t:o/Rﬂ is directly proportional to {dci/dt)=o. results imply that the final supersaturation with respect to

In Figure 8a,b, we report Rih/dt)[:o/Rﬂ as a function of the nucleqtion iqcreases with cross-linker concentration._ This
glutaraldehyde concentrations,, for both albumin (Figure 8a) behav_lor, WhICh is analogous to that shown for the radius of_
and lysozyme (Figure 8b). As expected, we observed that thealbumin mlcrospheresm Flgu.re Zq,b, corroborqtes the hypothesis
oligomerization rate for albumin is significantly higher than that that the final size of albumin microspheres is controlled by
for lysozyme at all experimental glutaraldehyde concentrations. nucleation, whereas that of lysozyme microspheres is significantly
The increase in reaction rate with glutaraldehyde concentration @ffected by the droplet growth rate.
shows a significant deviation from linearity in both cases, and
the reaction order with respect to glutaraldehyde was found to Conclusion
be 1.90+ 0.05 for albumin and 1.6 0.1 for lysozyme. We
further observe that, for glutaraldehyde concentrations higher
than ch ~ 0.025% (w/w), the oligomerization rate can be
regarded as directly proportional to( — ch) for both protein
cases (see Figure 8a,b). Since the concentration of glutaraldehyd
oligomers increases wittc, our results are consistent with a

We demonstrated that the formation of protein-rich droplets
can be isothermally induced by protein cross-linking in aqueous
solutions. These droplets evolve into cross-linked protein
microspheres. We related this phenomenon to the LLPS properties
Bfthe protein monomer and to the increase of LLPS temperature
. o ) during protein oligomerization. When macroscopic aggregation
reaction m_echamsm in which th_e presence _of glutaraldehydecomp%?es with |_g|_p5’ a rationale choice of pH,pPEg,gangd salt
oligomers is ne(?essary for protein cross-linking. ) ~concentrations may be used to favor LLPS relative to aggregation.

We now examine the dependence of the hydrodynamic radius, Thjs work contributes to the fundamental understanding on both
R{®, , of the incipient protein clusters on cross-linker concen- phase transitions of protein solutions and morphology of cross-
tration. Since the values dRy\® are closely related to the |inked protein precipitates. It also provides guidance for the
corresponding critical radii for the nucleation of the protein-rich - development of new methods for the stabilization of the protein
droplets, they can be used to examine the effect of cross-linkerliquid cluster and the preparation of protein-based materials.
concentration on nucleation. In Figure 9a, we rerﬁdﬁ at the The mild conditions of temperature and chemical environment
light-scattering induction time (vertical dashed lines in Figure used in these experiments also can be extended to more labile
7) as a function of glutaraldehyde concentrat@yp, for lysozyme. proteins.
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