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A B S T R A C T

Multi-injection pharmaceutical products such as insulin must be formulated to prevent aggregation and
microbial contamination. Small-molecule preservatives and nonionic surfactants such as poloxamer 188
(P188) are thus often employed in protein drug formulations. However, mixtures of preservatives and surfac-
tants can induce aggregation and even phase separation over time, despite the fact that all components are
well dissolvable when used alone in aqueous solution. A systematic study is conducted here to understand
the phase behavior and morphological causes of aggregation of P188 in the presence of the preservatives
phenol and benzyl alcohol, primarily using small-angle x-ray scattering (SAXS). Based on SAXS results, P188
remains as unimers in solution when below a certain phenol concentration. Upon increasing the phenol con-
centration, a regime of micelle formation is observed due to the interaction between P188 and phenol. Fur-
ther increasing the phenol concentration causes mixtures to become turbid and phase-separate over time.
The effect of benzyl alcohol on the phase behavior is also investigated.

© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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Introduction

Solutions of injectable biopharmaceutical products must meet
particle size and turbidity requirements to ensure their safety and to
preserve drug activity.1−3 As aggregation can lead to denaturation or
cause immunological responses,4,5 protein solutions need to be for-
mulated to prevent the growth of large aggregates. Thus, drug formu-
lations often require stabilizing excipients such as nonionic
surfactants. Commonly used nonionic surfactants employed in pro-
tein drug formulations include polysorbate 20 (PS20), polysorbate 80
(PS80), and poloxamer 188 (P188).6 Also known by the trade names
Kolliphor P 188, Lutrol F68, Pluronic F68, and Synperonic F68, P188 is
a thermoresponsive ABA triblock copolymer of polyethylene oxide
and polypropylene oxide, wherein the internal hydrophobic propyl-
ene oxide block constitutes a mass fraction of approximately 20 %.
P188 has been increasingly utilized in pharmaceutical applications
due to precise control over chain length and stability to hydrolysis
conditions, in contrast to traditional polysorbate surfactants.2,3,6−13

Additionally, P188 has been used along with small molecule preser-
vatives in several biologic drug products, such as Gonal-f,14 Norditro-
pin,15 and Omnitrope.16

However, it has been reported that the combination of P188 with
small molecule preservatives or with other surfactants can induce
aggregate formation.10,17 Jacobs et al. investigated the interactions of
phenol with P188, and reported turbidity in compositions where the
P188:phenol ratio was sufficiently low, despite being well below the
phenol solubility limit.17 Similar turbidity was reported in PS80/pre-
servative mixtures by Gilbert et al.18; small-angle neutron scattering
(SANS) experiments revealed pronounced time-dependent aggrega-
tion of PS80 micelles upon the addition of the preservative m-cresol,
also at concentrations of PS80 and m-cresol that are well below their
individual solubility limits. Structural changes were observed for sev-
eral days after mixing the two excipients. Their results indicated two
stages of structure development: initial "fast" changes in morphology
occur as aggregation begins, and a slower process of coalescence into
larger aggregates ensues.19 While aggregation itself does not
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necessarily present a safety concern for drug products, understanding
the aggregation mechanisms in both the PS80/m-cresol system and
the P188/phenol system is useful for industrial utilization of these
systems, and warrants further investigation.

Here, we have systematically explored the molecular and mor-
phological causes for aggregation in P188/preservative solutions, pri-
marily using small-angle X-ray scattering (SAXS). We have sought to
investigate complex formation due to the interplay of P188 and pre-
servative molecules, and their solution structures that lead to turbid-
ity in P188/preservative formulations. It is also noted that in contrast
to the PS80/m-cresol system, where PS80 already exists as micelles
prior to the addition of m-cresol, P188 molecules have been observed
to be unimers at room temperature.20 Thus, the molecular driving
force for apparent aggregation in P188/preservative solutions could
be different, and has remained unknown until now.

Materials and experimental section

Materials

Poloxamer 188 (BASF; Kolliphor P 188; 8780 g/mol; Bio Grade; Lot
#GNA21721B), phenol (Sigma-Aldrich, 94.1 g/mol; Lot #BCBW2964),
and anhydrous benzyl alcohol (Sigma-Aldrich, 108.1 g/mol; Batch
#0000213391) were purchased by Eli Lilly & Company and were
used as received. Monobasic sodium phosphate monohydrate
(Sigma-Aldrich, 138.0 g/mol) and dibasic sodium phosphate heptahy-
drate (Sigma-Aldrich, 268.1 g/mol) were purchased from Sigma
Aldrich and used as received. Samples were prepared using Milli-Q
water. Caution: phenol and benzyl alcohol are hazardous compounds.
Only handle them inside a fume hood while wearing gloves and
safety glasses, as described in their respective safety data sheets.

Sample preparation and visual assessment

All samples were prepared from stock solutions in 5 mmol/L phos-
phate buffer. The preparation of a set of stock solutions and a 1 mL
sample are described as a representation of all sample preparation.
Phosphate buffer was made by combining 40.35 mg (0.1505 mmol)
of dibasic sodium phosphate heptahydrate, 49.61 mg (0.3595 mmol)
of monobasic sodium phosphate monohydrate, and 99.91 mL of H2O
in a plastic bottle. The bottle was placed on its side on an orbital
shaker operating at 150 rpm (2.5 Hz) for 1 h to 2 h to mix; the resul-
tant buffer contained 5 mmol/L sodium phosphate with an approxi-
mate pH of 6.7. A stock solution of P188 in phosphate buffer at
40 mg/mL was prepared by combining 0.8 g P188 with 19.2 mL buffer
in a plastic bottle. The bottle was placed on its side on an orbital
shaker operating at 150 rpm (2.5 Hz) for 1 h to 2 h to mix then set on
the benchtop for at least 10 min prior to use, to allow bubbles to dis-
sipate. A stock solution of phenol in phosphate buffer at 40 mg/mL
was prepared by combining 0.8 g phenol with 19.2 mL buffer in a
plastic bottle; the bottle was placed on its side on an orbital shaker
operating at 150 rpm (2.5 Hz) for 1 h to 2 h to mix. A stock solution of
benzyl alcohol in phosphate buffer at 18 mg/mL was prepared by
combining 0.36 g (346 mL) benzyl alcohol with 19.654 mL buffer in a
plastic bottle; the bottle was placed on its side on an orbital shaker
operating at 150 rpm (2.5 Hz) for 1 h to 2 h to mix. A 1 mL sample
containing 2.5 mg/mL P188, 5 mg/mL phenol, and 9 mg/mL benzyl
alcohol was prepared from these stocks by combining 0.0625 mL
P188 stock solution, 0.3125 mL buffer, 0.5 mL benzyl alcohol stock
solution, and 0.125 mL phenol stock solution, in that order in a glass
vial. The vial was inverted over and over for about 10 s to mix the
components. Often, due to a high local concentration of phenol when
its stock was initially added, wisps of cloudy material developed in
the vial, which dissipated upon mixing. In all cases, phenol was added
last to the sample. To determine the turbidity boundary in phase
diagrams at 22°C, samples were evaluated 1 h after the addition of
phenol.

Small-angle X-ray scattering measurements

Small-angle X-ray scattering (SAXS) measurements were per-
formed at the ID-7A1 High Pressure Bio-SAXS beamline at the Cornell
High Energy Synchrotron Source. Measurements were conducted at
ambient pressure and 20°C. This instrument employs a photon
energy of � 9.8 keV with 1.5% bandwidth, has a sample-to-detector
distance of 1648 mm, and probes scattering wavevector, Q, values of
0.009 A

� �1 to 0.52 A
� �1. The detector was calibrated to the beam center

using silver behenate and the instrument was calibrated for absolute
intensity using the known value of 0.016 cm�1 for water. The sample
chamber was a capillary that oscillated the 60 mL sample back and
forth through the beam to minimize the damage from radiation. Each
measurement was made by exposing the oscillating sample to the
beam five times for 1 s or 2 s per exposure; these exposures were
then averaged together to improve counting statistics.

Data reduction was performed using BioXTAS RAW software.21

Raw data from the instrument was loaded into RAW as .h5 files,
which were already converted to I vs. Q. Five replicate exposures
were averaged together and the similarly averaged buffer back-
ground was subtracted to obtain reduced data as .dat files. After con-
verting to .txt files, reduced data were then binned to 40 points per
decade in Q, with intensities being averaged within each bin and set
to the central Q-value of the bin. Binning was done using a python
script, which is available in the Supplementary Information section
online.

SAXS data analysis

In SAXS experiments, intensity is measured as a function of scat-
tering wavevector, Q, which is related to the wavelength, λ, of inci-
dent x-rays and the angle, u, between the incident and the scattered
wavevectors as

Q ¼ 4p sin u
2

λ
ð1Þ

SAXS intensity for a solution sample can be generally expressed as

I Qð Þ ¼ D%2’VPS Qð ÞP Qð Þ þ Ibgd ð2Þ
where D%2 is the square of the difference in scattering length density,
%, between the scattering particle and the solvent, ’ is the volume
fraction of the scattering particle, Vp is the volume of a single scatter-
ing particle, S(Q) is the inter-particle structure factor, which describes
inter-particle correlation, P(Q) is the normalized form factor, which
describes the structure of the individual scattering particles, and Ibgd
is the scattering background.

For dilute solutions, S(Q) � 1 and at sufficiently low Q the Guinier
approximation holds that the normalized form factor is given by

P Qð Þ ¼ e�
1
3Q

2R2
g ð3Þ

where Rg is the radius of gyration. Therefore, the background-sub-
tracted intensity is

I Qð Þ � Ibgd ¼ D%2’VPe�
1
3Q

2R2
g ð4Þ

At Q = 0, the intensity is D%2’VP , which can be represented as the
single parameter I0. Taking the natural log of both sides gives

ln I Qð Þ � Ibgd
� � ¼ ln I0 �

R2
g

3
Q2 ð5Þ

In a plot of ln(I(Q) - Ibgd) vs. Q2, data is linear at low-Q where the
y-intercept is the natural log of I0 and the slope is related to the
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square of Rg. Fitting the data at low-Q (Guinier analysis) to obtain I0
and Rg was performed in Igor Pro 8.04 using the NCNR Analysis Mac-
ros.22 The Guinier approximation holds regardless of the morphology
of scattering particles.

In addition to Guinier analysis, some samples were also fit to the
polydisperse Gaussian coil model23 using SasView24 (https://www.
sasview.org/). This model holds for a polymer in a theta solvent (i.e.,
the polymer has no preference between self-association and dissolu-
tion in the solvent), such that the set of monomer-monomer distan-
ces for all pairs of monomers in the chain follows a Gaussian
distribution. The form factor for the polydisperse Gaussian coil23 is
given by

PGauss Qð Þ ¼
2 1þ UZð Þ�1=U þ Z � 1
� �

1þ Uð ÞZ2 ð6Þ

where

Z ¼ QRg
� �2
1þ 2U

ð7Þ

and U is related to the polydispersity ratio as

U ¼ Mw

Mn
� 1 ð8Þ

Polydispersity in molecular weight is described by a Schulz-
Zimm-like distribution. The overall scattering intensity is modeled as

I Qð Þ ¼ scale ¢ I0 ¢ PGauss Qð Þ þ bgd ð9Þ
where I0 is D%2’VP for the polymer. For fitting to a Gaussian coil, I0
was held fixed at the value determined by Guinier analysis. All other
parameters were allowed to vary.
Results

The turbidity of the P188/phenol samples were investigated by
visual evaluation, with an exemplary picture of the samples shown in
Fig. 1 and Fig. S6 of the Supplementary Information. A previous study
indicated that for the PS80/m-cresol system, there are slow kinetics
for some samples, which appear to be transparent initially and
become turbid after a day or two.18,19 However, we observed that all
samples that were transparent at the time of preparation remained
transparent for as long as we monitored them, which is approxi-
mately six weeks. Within our studied concentration range, all sam-
ples that were turbid at the time of preparation remained turbid after
a day. Samples that turned turbid tended to phase separate on a lon-
ger time scale over the course of a few days, forming a white powder
precipitate or a film deposited on the walls of the vessel and leaving
a relatively clear supernatant. To be consistent, the turbidity of all
samples were assessed and reported 1 h after preparation. For a
Fig. 1. The addition of phenol to an aqueous solution of P188 causes the mixture to
become turbid at certain compositions. All vials contain 0.4 mg/mL P188 in 5 mmol/L
phosphate buffer.
representative series of compositions, we validated our visual assess-
ment of turbidity with ultraviolet-visible light spectrophotometry
(Fig. S5, Supplementary Information). A sharp decrease in transmit-
tance occurred at the visually determined onset of turbidity. The rel-
ative refractive indices are 1.54,25 1.465,26 and 1.3326 for phenol,
P188, and water respectively. When P188 and phenol form aggre-
gates with very large sizes (such as micrometer-sized aggregates),
the refractive index of the aggregates is thus larger than the solvent
with a refractive index of 1.33. This refractive index difference causes
the scattering of light at all wavelengths. When the sample reaches
the turbid region, there are many large aggreges that scatter light,
causing the sample to become white. As benzyl alcohol is also used in
some formulations, we examined the effect of benzyl alcohol on the
turbidity boundary as a function of phenol concentration. Adding
benzyl alcohol does not introduce any kinetic effects in transparent
samples by visual evaluation.

Phase diagrams

As turbidity was observed in mixtures of P188 and phenol well
below the phenol aqueous solubility limit of 80 mg/mL, we sought to
map out the turbidity boundaries for a variety of P188 and phenol
concentrations, and for two concentrations of benzyl alcohol,
0 mg/mL and 9 mg/mL (Fig. 2). The concentration of benzyl alcohol
was selected based on the dosage used in formulations. The concen-
trations evaluated are relevant to pharmaceutical formulations.

The boundary between transparent and turbid was determined
visually after allowing solutions to mix without agitation for at least
1 h (Fig. 2). In all cases tested, samples that were transparent upon
initial mixing remained transparent for several weeks when held at
room temperature or under refrigeration. The longest we visually
monitored transparent samples was approximately six weeks. The
turbidity boundary exhibits modest dependence on P188 concentra-
tion (cP188), but is primarily dictated by phenol content—wherein the
threshold for turbidity is nearly an order of magnitude below the sol-
ubility limit for phenol in aqueous buffer, which is approximately
80 mg/mL. Interestingly, as cP188 is decreased, the phenol turbidity
threshold decreases also. Given that phenol is soluble for cP188 = 0 at
the concentrations examined, this means the turbidity boundary
forms an asymmetric U-shaped curve.

The incorporation of 9 mg/mL benzyl alcohol leads to a decrease
in the turbidity boundary of approximately 2 mg/mL phenol for a
given concentration of P188. Although benzyl alcohol is more hydro-
phobic than phenol, mixtures of benzyl alcohol and P188 without
phenol do not become turbid up to 18 mg/mL benzyl alcohol. This
result is counter to what one would predict based on the hydro-
philic-lipophilic balance framework typically employed in the design
of formulations.

In addition to visual evaluation, we also characterized the solution
morphology of P188 and aggregates for transparent samples using
small-angle X-ray scattering (SAXS), and found that two phase
regimes exist within transparent samples. For lower concentrations
of phenol, all components remained dispersed as unimers in solution
(unimer regime; below the green lines in Fig. 2). Higher concentra-
tions of phenol led to micelle formation with P188 (micelle regime;
between the green and red lines in Fig. 2). The specific phenol con-
centration where this transition occurs is dependent on the concen-
tration of benzyl alcohol, and is between 4 mg/mL and 6 mg/mL
phenol. This is discussed in detail later in the paper.

Solution behavior of P188

To understand the morphology of P188 in solution alone, we first
measured SAXS patterns of P188-only solutions in 5 mmol/L phos-
phate buffer at room temperature (20°C) (Fig. 3). According to
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Fig. 2. Instability in P188/preservative mixtures. Boundaries for the micelle regime were determined by SAXS measurements. The boundary for micelle formation is unknown for
cP188 < 2.5 mg/mL due to contrast/instrument limitations of SAXS. The presence of 9 mg/mL benzyl alcohol (B) causes the boundaries of both turbidity and micelle formation to shift
down by � 2 mg/mL phenol, compared to the P188/phenol system (A). Solutions were in 5 mmol/L phosphate buffer at room temperature (20°C to 22°C). Yellow circles denote
transparent samples and blue Xs denote turbid samples, visually determined after 1 h of mixing. Phenol alone is soluble in aqueous buffer up to 80 mg/mL. Benzyl alcohol is soluble
up to 40 mg/mL.
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Guinier fits of SAXS data, the Rg of P188 was � 30 A
�
and did not

appreciably vary across all concentrations of P188 explored, apart
from a modest decrease for cP188 = 10 mg/mL (Fig. 3B). The hydrody-
namic radius of P188 at 10 mg/mL was found to be 32 A

�
by dynamic

light scattering (see Fig. S3 in Supplementary Information), which is
consistent with previous studies.20 The apparent decrease in Rg for
cP188 = 10 mg/mL is due to inter-molecular interactions between
P188 molecules at high concentration. Scaling I0 to P188 concentra-
tion provides a quantitative means of assessing the molecular weight
of the scattering species as a function of the concentration of P188.
Similarly to the trend for Rg, I0=cP188 does not substantially change
with increasing P188 concentration, meaning the aggregation num-
ber and molecular mass are unchanged. The consistency in Rg and I0=
cP188 with P188 concentration indicates that P188 remains as unimers
at all concentrations probed in this study, up to 10 mg/mL P188,
when there are no other excipient molecules. The scattering data
were also fit with the polydisperse Gaussian coil model, showing that
Fig. 3. SAXS of P188 shows no evidence of micellization up to 10 mg/mL. A. SAXS of P188
Guinier analysis showed that both the radius of gyration (Rg; left axis) and the concentratio
possible that I0=cP188 decreases slightly, which can be attributed to excluded volume effects.
≤ 10 mg/mL at 20°C. Solutions were in 5 mmol/L phosphate buffer. Error bars are shown f
markers.
individual P188 chains exist as random coils (Fig. 3A). The list of Rg

and I0 from Guinier analysis of all samples is given in Table S1 of the
Supplementary Information. The fit parameters for the polydisperse
Gaussian coil model are listed in Table S2 of the Supplementary
Information.

Micelle formation induced by phenol

Having explored solution structure of P188 alone, we examined
the effect of phenol on P188 structure and complex formation due to
the interaction between P188 and phenol. As shown in Fig. 4A, for a
fixed P188 concentration at 2.5 mg/mL, adding phenol to the P188
solution does not alter the SAXS scattering pattern up to about
5 mg/mL of phenol. Thus, P188 remains as unimers in buffer even
with added phenol molecules. However, upon further increasing the
phenol concentration, the SAXS patterns show a significant change at
Q < 0.1 A

� �1 indicating that the size and molecular mass of the
solutions (markers) with fits (lines) to a polydisperse Gaussian coil polymer model. B.
n-scaled I(Q = 0) (I0=cP188; right axis) are generally constant with increasing cP188. It is
The lack of growth in either Rg or I0=cP188 indicates that P188 does not form micelles at
or all data and represent one standard deviation. Some error bars are covered by the



Fig. 4. Morphology change with increasing phenol and P188 concentration. SAXS patterns are shown for two representative concentrations of P188, 2.5 mg/mL (A) and 10 mg/mL
(B). Guinier analysis shows that Rg increases after a certain phenol concentration then tapers off as phenol is increased further (C), while I0=cP188 continually increases (D). Solutions
were in 5 mmol/L phosphate buffer at 20°C. Error bars are shown for all data and represent one standard deviation. Some error bars are covered by the markers.

R.R. Ford et al. / Journal of Pharmaceutical Sciences 112 (2023) 731−739 735
individual particles in solutions becomes larger. We also studied phe-
nol in buffer using SAXS. At all the concentrations investigated here,
the SAXS pattern of phenol in buffer is indistinguishable from that of
pure buffer (Fig. S1, Supplementary Information). Thus, phenol by
itself does not form any large aggregates in the investigated concen-
tration region; the change in the SAXS pattern of P188 with phenol is
due to interactions between phenol and P188.

We were surprised by this observed aggregation of P188 and phe-
nol at higher concentrations of the latter (cPhOH > 6 mg/mL). The solu-
bility of phenol in water is 80 mg/ml at 25°C and the solubility of
P188 in water is hundreds of milligrams per milliliter, where solubil-
ity can vary by batch27—both solubility limits are much higher than
the concentrations investigated here. Whereas P188 and phenol exist
as unassociated molecules when dissolved alone in water, they inter-
act to form micelles. Adding soluble co-solvent molecules to a micelle
system is known to shift the transition concentration of micelle for-
mation. Phenol has been observed to associate with cationic28 and
nonionic29,30 micelles to decrease the critical micelle temperature
(CMT) of the respective system. For the concentrations studied here,
the CMT of P188 alone is above 30°C,20 while the addition of phenol
shifts the CMT to below room temperature. Guinier analysis provides
insight into the structural origin of micelle formation, which we dis-
cuss later in this paper.

The transition from the unimer region to the micelle region of
P188/phenol solutions is also studied at other concentrations of
P188. Fig. 4B shows the SAXS pattern for a solution of 10 mg/mL
P188 with 1 mg/mL to 8 mg/mL phenol. The results are similar to
those in Fig. 4A. The micelle transition occurs at approximately
6 mg/mL phenol. Fig. 4C and 4D show the extracted Rg and I0 for
all studied P188 concentrations. While the turbidity boundary
depends slightly on the concentration of P188 (Fig. 2A), this
unimer-micelle transition appears largely insensitive to P188 con-
centration. The unimer-micelle boundary is also shown by the
green line in Fig. 2A.

Although Rg increases when the phenol concentration is above the
unimer-micelle transition, its value plateaus when the concentration
is sufficiently high (Fig. 4C), where formed micelles reach a certain
size and cannot grow any larger. Changing the P188 concentration
has no substantial impact on the size of the formed micelles. How-
ever, the total molecular mass of micelles is a function of P188 and
phenol concentration, as indicated by the growth in I0 with increas-
ing phenol content (Fig. 4D). For a given P188 concentration, I0 is pro-
portional to the molecular mass of micelles in the solution. The
continual increase in I0 paired with the plateau in Rg as the concen-
tration of phenol is increased indicates that micelles grow in molecu-
lar mass without growing larger in size. By normalizing I0 to the
concentration of P188, the results at different P188 concentrations
can be compared directly. The normalized intensity is proportional to
the product of two quantities: aggregation number of P188 and the
mass of phenol relative to that of P188 in each micelle. The normal-
ized intensity in the micelle region is smaller for higher concentra-
tions of P188. Thus, increasing the concentration of P188 either



Fig. 5. Incorporation of 9 mg/mL benzyl alcohol causes increased scattering intensity at low-Q and a decreased unimer-micelle transition. SAXS patterns are shown for two repre-
sentative concentrations of P188, 2.5 mg/mL (A) and 10 mg/mL (B), with benzyl alcohol fixed at 9 mg/mL and phenol concentration varied. Guinier analysis shows that Rg increases
after a certain phenol concentration then tapers off as phenol is increased further (C), while I0=cP188 (D) continues to increase as the turbidity boundary is approached. Solutions
were in 5 mmol/L phosphate buffer at 20°C. Error bars are shown for all data and represent one standard deviation. Some error bars are covered by the markers.
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decreases the total aggregation number of P188 in a micelle and/or
decreases the amount of phenol in each micelle.

Based on the observed trends in Rg and I0 with increasing cPhOH,
namely, that Rg initially increases to » 60 A

�
then stays around that

size, while I0 continues to linearly increase with cPhOH, it is likely that
phenol associates strongly with the hydrophobic core of individual
P188 chains, then recruits additional P188 to form micelles. As more
phenol is added, the hydrophobic core of the micelle swells with phe-
nol. Increasing mass at the center would not appreciably affect Rg, but
would indeed cause a continued rise in I0, which depends on molecu-
lar mass of aggregates. This is consistent with a previous NMR study
where it was observed that the chemical shift of PPO methyl protons
is affected first as phenol concentration is increased, indicating that
phenol is interacting with the hydrophobic part of the polymer pri-
marily before interacting with the PEO groups.17

From the trend in I0 and Rg as the phenol concentration is
increased toward the turbidity boundary, we speculate that precipita-
tion of turbid compositions is related to the stability of the micelles as
phenol concentration is increased. Based on SAXS data, adding more
phenol in solution increases the amount of phenol in each micelle.
When the amount of phenol in a micelle exceeds some threshold level,
the micelle could become unstable. There are potentially two likely
scenarios for the mechanism of precipitation that are still under inves-
tigation: (i) the micelles could become attractive to each other and
form large aggregates, or (ii) the micelles could transition from a com-
plex with finite size to another much larger-scale structure. However,
more investigation is needed to determine the exact mechanism for
macroscopic phase separation in the turbid regime.

Effect of benzyl alcohol on the unimer-micelle transition

Multiple preservatives are sometimes utilized in a single drug
product to achieve greater overall antimicrobial activity while
remaining within the allowed dosage of individual ingredients. We
therefore explored the effect of combining both phenol and benzyl
alcohol with P188. SAXS for up to 10 mg/mL of benzyl alcohol in solu-
tion alone was indistinguishable from buffer (Fig. S1 in Supplemen-
tary Information). Hence, we see no evidence of aggregation of
benzyl alcohol alone in the studied concentration region and
Q-range.

Rg and I0 for P188/phenol mixtures containing 9 mg/mL benzyl
alcohol follow a similar trend with phenol concentration as solutions
without benzyl alcohol (Fig. 5). Samples with phenol concentrations
at or below 2 mg/mL generate scattering profiles indistinguishable
from the P188-alone case; then low-Q scattering intensity increases
for cPhOH ≥ 4 mg/mL, irrespective of P188 concentration (Fig. 5C). As
was observed for the turbidity boundary, the unimer-micelle transi-
tion occurs at a lower phenol concentration of � 4 mg/mL phenol
when 9 mg/mL benzyl alcohol is present. As the phenol concentration
approaches the threshold for turbidity, Rg (Fig. 5C) is observed to
reach an apparent plateau value similar to that observed in mixtures
without benzyl alcohol (Fig. 4C). Therefore, adding benzyl alcohol



Fig. 6. Effect of P188 concentration in the micelle regime. A. In the absence of benzyl alcohol, 7 mg/mL phenol induces micelle formation with P188. B. With 9 mg/mL benzyl alcohol
incorporated, 5 mg/mL phenol leads to micelle formation. Guinier analysis shows similar Rg (C) and I0=cP188 (D) for the two preservative compositions. Rg and I0=cP188 are shown for
the no-preservative case for comparison. Solutions were in 5 mmol/L phosphate buffer at 20°C. Error bars are shown for all data and represent one standard deviation. Some error
bars are covered by the markers.
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does not seem to change the size of the formed micelles despite the
shift of the transition concentration of phenol. The unimer-micelle
phase boundary is shown by the green line in Fig. 2B as well.

The trend of the normalized I0 (Fig. 5D) shows similar behavior as
that in cases without benzyl alcohol (Fig. 4D). The molecular mass of
individual micelles continues increasing with increasing phenol con-
centration, and the normalized intensity is smaller for higher concen-
trations of P188. When comparing the normalized intensity between
Fig. 5D (with benzyl alcohol) and Fig. 4D (without benzyl alcohol) at
similar concentrations of P188 and phenol, adding benzyl alcohol
increases the total molecular mass of individual micelles. Therefore,
even though adding benzyl alcohol does not appreciably affect the
size of individual micelles, benzyl alcohol does increase the molecular
mass of micelles and shifts the transition concentration between
unimer and micelle. The consistent trends in Rg and I0 with increasing
cPhOH suggests a similar mechanism of micelle formation when ben-
zyl alcohol is added to P188/phenol solutions to that described above
for the P188/phenol system.

We also visually evaluated P188/benzyl alcohol mixtures with-
out phenol. Interestingly, we did not observe any turbidity
through visual inspection even up to cBzOH = 18 mg/mL. The reason
that benzyl alcohol does not induce turbidity while phenol does at a
given concentration of preservative remains unclear. This observa-
tion seems counterintuitive because benzyl alcohol is more hydro-
phobic than phenol. While the decreases in critical phenol
concentrations for micellization and turbidity upon the addition of
benzyl alcohol are to be expected, the fact that phenol remains the
determining factor in these phase transitions despite being less
hydrophobic than benzyl alcohol was surprising. A possible expla-
nation is that the alcohol moiety of benzyl alcohol is more flexible
than in phenol, being on an sp3 carbon instead of an aromatic sp2,
so benzyl alcohol is less likely to pack tightly. Further investigation
is needed to determine whether this is the cause for discrepancy
between the effect of phenol and the effect of benzyl alcohol.
Morphology within the micelle regime

Having evaluated the effects of varied phenol concentration
for fixed concentrations of P188 and benzyl alcohol, we sought to
assess the effect of P188 concentration within the micelle regime
with and without benzyl alcohol (Fig. 6). Holding phenol at
approximately 1 mg/mL above the minimum phenol threshold
required for micellization for each composition of benzyl alcohol,
the scattering patterns are remarkably similar (Fig. 6A & B). This
consistency suggests that micelles have similar morphology both
with and without benzyl alcohol. Moreover, adding benzyl alco-
hol does not appreciably shift the size (Fig. 6C) or molecular mass
(Fig. 6D) of micelles, despite there being more cumulative mass
of preservatives in samples containing benzyl alcohol.
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While the encapsulation of relatively hydrophobic molecules in a
hydrophobic micelle core is commonly utilized in drug formulations,
such as for liposomal drug delivery,31 the micellization observed here
in P188/preservative mixtures is a combined effect due to the inter-
play between P188 and phenol. Several micellar systems, including
other poloxamers, undergo a sphere-to-rod transition and subse-
quent micellar growth with the addition of phenol or phenolic deriv-
atives32−34; this phenol-induced transition has been explored for
conditions already above the critical micelle concentration (CMC) or
CMT of the respective surfactant. Our results, by contrast, show that
phenol induces micelle formation of P188, not merely micellar
growth or reorganization. Given that phenol concentration must
exceed a certain threshold before micelles with P188 are formed, not
all phenol is likely to be sequestered within micelles. We expect that
free phenol remains active as an antimicrobial agent. However, the
antimicrobial activity of phenol (and benzyl alcohol) that is associ-
ated with P188 micelles is less clear, as it depends on whether there
is exchange between free and associated phenols. It should be
pointed out that the influence of protein on P188/preservative
micelle formation (and the efficacy of P188/preservative micelles in
preventing protein aggregation) can be complicated as it is dictated
by the interaction among protein, surfactant, and phenol. If there is
no strong bonding between P188 and the protein—similar to the sys-
tem reported recently by Zhang et al.35—we would speculate that
the formation of micelles would not be affected appreciably by the
presence of protein. That said, if there is a strong interaction between
P188 and protein, the issue is more complex and needs future study.

Conclusions

We have systematically studied micelle formation and turbidity in
P188/phenol/phosphate buffer mixtures, both with and without ben-
zyl alcohol, at room temperature (20°C to 22°C). Each individual com-
ponent (P188, phenol, and benzyl alcohol) in buffer does not form
micelles or aggregates within the studied concentration regions and
Q-ranges. When P188 is combined with phenol, mixtures can become
turbid at concentrations well below the phenol solubility limit. How-
ever, no turbidity or aggregation is observed when combining P188
and benzyl alcohol without phenol. Using SAXS, we found that there
is a micelle regime below the turbidity boundary for both the P188/
phenol system and the P188/phenol/benzyl alcohol system. The
unimer-micelle transition occurs at a phenol concentration of around
6 mg/mL in the absence of benzyl alcohol and 4 mg/mL when
9 mg/mL benzyl alcohol is incorporated. These critical concentrations
appear insensitive to P188 concentration, for the concentrations
studied here (cP188 ≥ 2.5 mg/mL). Below this micelle regime, P188
chains appear to be uniformly dispersed as unimers with a radius of
gyration of about 30 A

�
. Above the critical phenol concentration, P188

and phenol (and benzyl alcohol) form micelles, whose radius of gyra-
tion increases initially then plateaus around 60 A

�
as the concentra-

tion of phenol is increased. The molecular mass of individual micelles
continually increases as a function of phenol concentration before
reaching the turbidity boundary, indicating that the ratio of phenol to
P188 within micelles increases with increasing cPhOH.

Structures in the micelle and unimer regimes appear stable; no
visual change is observed for several weeks after mixing. This indi-
cates that P188/preservative aggregation proceeds by a fundamen-
tally different mechanism than the slow kinetics of PS80/
preservative aggregation18,19 (in which initially transparent mixtures
of PS80 and m-cresol at certain compositions become turbid over the
course of several days). Mixtures of P188 and preservatives in the tur-
bid regime undergo large scale phase separation after a few days,
depositing precipitants or films on the walls of the vessel. The bound-
aries between unimer, micelle, and turbid regimes differs between
solutions containing 9 mg/mL benzyl alcohol and those without: In
general, the phenol concentration for both the unimer-micelle transi-
tion and the turbidity boundary are about 2 mg/mL lower when
9 mg/mL of benzyl alcohol is included, as shown in Fig. 2. While ben-
zyl alcohol does not alter the size of the micelles, it does increase the
molecular mass of individual micelles. Our results provide valuable
structural information relevant to pharmaceutical formulations con-
taining P188 and small-molecule preservatives.
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