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Abstract

Histamine functionalized poly(allyl glycidyl ether)-b-poly(ethylene glycol)-b-poly(allyl glycidyl 

ether) (PAGE-PEO-PAGE) triblock copolymers represent a new class of physically cross-linked, 

pH-responsive hydrogels with significant potential for biomedical applications. These telechelic 

triblock copolymers exhibited abrupt and reversible hydrogelation above pH 7.0 due to a 

hudrophilic/hydrophobic transition of the histamine units to form a network of hydrophobic 

domains bridged by a hydrophilic PEO matrix. These hydrophobic domains displayed improved 

ordering upon increasing pH and self-assembled into a body centered cubic lattice at pH 8.0, while 

at lower concentrations formed well-defined micelles. Significantly, all materials were found to be 

non-toxic when evaluated on three different cell lines and suggests a range of medical and 

biomedical applications.

Introduction

Hydrogels have become an increasingly important class of materials for biomedicine, 

pharmaceutics, coatings and cosmetics.1, 2 Their utility is derived from their high water-

content, yet solid-like mechanical properties derived from the presence of a three-

dimensional network. The network can be formed by either covalent bonds or through 

physical interactions such as hydrophobic, electrostatic or hydrogen bonding.1–4

For many applications, it is desirable to have gels that respond to external stimuli, i.e. smart 

gels.5 Smart gels can be tailored to be responsive to a change in the surrounding 

environment, such as temperature, pH, ionic strength, or light.2, 5–9 Of these external 
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stimuli, pH-responsive gels are of particular interest for biomedical applications since 

different intra- and extracellular compartments maintain varying levels of acidity or 

alkalinity. A highly relevant example is the difference in pH between healthy tissue and 

tumor tissue. In blood and extracellular fluids of healthy tissue the pH is 7.4, whereas 

intracellular components such as endosomes and lysosomes have lower pH.10 Similarly, the 

pH of extracellular fluids in tumor tissues is lower, ca. 6.0, due to the elevated levels of 

metabolic byproducts such as lactic acid produced by cancer cells.11, 12 For biomedical 

applications, such as in chemotherapeutic drug delivery, it is desirable to exploit these 

differences in pH by tailoring materials that respond dramatically and specifically within a 

narrow physiologically relevant pH range, e.g., pH 6.0 to 7.4.

Due to the potential of polymer-based therapeutics that exploit these differences in pH, an 

extensive amount of effort has been directed toward developing pH-responsive materials. In 

one example, Thomas et al. prepared copolymers of 2-ethylacrylic acid and methyl 

methacrylate which allowed the pKa to be systematically increased to 6.5, compared to 5.7 

for pure poly(2-ethylacrylic acid).13 Philippova et al. used a similar strategy to tune the 

swelling of hydrogels by copolymerizing acrylic acid, N,N′-methylenebis(acrylamide), and 

n-alkyl acrylates,14 while single component systems like 2-(diisopropylamino)ethyl 

methacrylate (DPA), which has a pKa between 6 and 7, have also been developed.15, 16 

However, a major drawback to many of these systems is toxicity, for example the DPA-

based polymer can release 2-(diisopropylamino)ethanol upon hydrolytic degradation which 

is highly toxic.17 Looking to nature for inspiration, researchers have addressed this toxicity 

issue by using natural, non-toxic building blocks. Our attention was therefore directed to 

developing materials based on the amino acid histidine and its derivative histamine, which 

are both non-toxic and have ideal pKa’s of ca. 6.5.18 At neutral or basic pH, e.g. in blood, 

the imidazole group is uncharged and hydrophobic; whereas in acidic environments, such as 

in the endosome or extracellular sites of tumors, the imidazole is charged and hydrophilic. 

As an example, poly(histidine)-b-poly(ethylene oxide) was shown to exhibit pH-dependent 

micellization, and promote endosomal escape of the carrier system to achieve higher 

efficiency in delivering chemotherapeutic drugs, such as paclitaxel.18, 19

While covalently crosslinked hydrogels have been widely used in various coating 

applications, the need for degradation and versatile in- and ex-situ processing has focused 

attention on the development of physically crosslinked hydrogels. As an effective and 

versatile strategy for the preparation of bio-compatible hydrogels it was decided to combine 

histidine-based building blocks with the self-assembly of telechelic ABA-type triblock-

copolymers where the mid-block (B) is hydrophilic and physical association between the 

outer blocks (A) forms physical cross-links.20 Our group has recently developed a modular 

approach to the synthesis of ionic hydrogels based on poly(allyl glycidyl ether)-b-

poly(ethylene oxide)-b-poly(allyl glycidyl ether) (PAGE-PEO-PAGE). The key step in this 

strategy is functionalization of the allyl groups using thiol-ene chemistry,3 which has proven 

to be an extremely versatile and effective method for polymer functionalization.21–25 In this 

study, a histamine-functional thiol was synthesized and reacted onto a PAGE-PEO-PAGE 

triblock-copolymer through thiol-ene chemistry and the structure/properties of the resulting 

hydrogels investigated for a range of polymer concentrations and pH values (Figure 1). At 
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polymer concentrations of 10 wt%, small angle x-ray scattering (SAXS) and rheometry were 

used to investigate the pH-dependent gel formation. At lower concentrations, the triblock 

copolymers formed pH-responsive micelles which were investigated using cryo-TEM and 

DLS.

Experimental

Materials

The synthesis of PAGE-b-PEO-b-PAGE with 26 wt% PAGE at a molecular weight of 27 

kg/mol (PAGE3.5k-b-PEO20k-b-PAGE3.5k) has been reported previously.3 Histamine 

(≥97.0 %), γ-thiobutyrolactone (98%), 2,2-dimethoxy-2-phenylacetophenone (99%) 

(DMPA), bromothymol blue (BTB) solution in ethanol, pyrene (p.a.), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetra sodium bromide (MTT), and Dulbecco’s modified 

Eagle’s medium (DMEM) were purchased from Sigma–Aldrich and used without further 

purification. Acetonitrile (HPLC) and methanol (ACS) were purchased from Fisher 

Scientific. Dialysis membranes with MWCO 3500 Da were purchased from Spectrum labs. 

100 mM buffer solutions where prepared by mixing NaH2PO4·H2O (ACS, EMD chemicals) 

and Na2HPO4·7H2O (ACS, EMD chemicals) with deionized water in appropriate amounts 

to reach the targeted pH. Fetal bovine serum (FBS) and penicillin/streptomycin solution 

were obtained from Hyclone Laboratories. MDA-MB-231, and MCF-7 cells were purchased 

from the American Type Culture Collection (ATCC). RAW 264.7 (Mouse leukemic 

monocyte macrophage cell line, originating from ATCC) was obtained from the laboratory 

of Prof Richter-Dahlfors at the Swedish Medical Nanoscience Center, Department of 

Neuroscience Karolinska Institutet, Stockholm Sweden.

Instrumentation

Rheological experiments were performed on a Rheometrics Scientific ARES II rheometer 

with parallel-plate geometry (25mm or 50 mm diameter). Frequency sweeps were performed 

using 2% strain for gel-like materials and 6 % for liquid-like materials. Strain sweeps were 

performed at a frequency of 1 Hz and all frequency sweeps were performed within the linear 

viscoelastic regime. All experiments were performed at room temperature (21–24 ° C).

Small angle x-ray scattering (SAXS) was performed at beamline DND-CAT line 5 at the 

Advanced Photon Source, Argonne National Laboratory. The samples were packed into 1 

mm diameter quartz capillaries through the use of a centrifuge. The samples were then flame 

sealed and the top was covered with epoxy in order to prevent drying.

Dynamic light scattering experiments were performed on a DynaPro NanoStar from Wyatt. 

Reported values are average values of 20 acquisitions.

Fluorescence spectroscopy was performed on Cary Eclipse from Varian using an excitation 

wavelength of 332 nm and emission spectra were collected between 350–420 nm.

Samples for cryogenic transmission electron microscopy (cryo-TEM) were prepared at a 

polymer concentration of 1 mg/mL. The samples were then vitrified using the 

environmentally controlled FEI Mark IV Vitrobot (24°C, 100% humidity). A 3.5μL droplet 
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was placed on a glow discharged copper grid coated with a lacey Formvar support film. The 

samples were blotted once before being plunged into liquid nitrogen cooled liquid ethane. 

The samples were placed in a Gatan cryoholder and were kept below −170°C throughout 

imaging. The samples were imaged at 200kV with an FEI T20 TEM using low dose imaging 

mode. Images were recorded digitally using a Gatan Ultrascan 1000 CCD camera and 

analyzed using Gatan Digital Micrograph and ImageJ software. Using the ellipse tool in 

ImageJ, the size of 100 particles in each picture was measured and recorded.

Methods

Synthesis of N-(2-(1H-imidazol-4-yl)ethyl)-4-mercaptobutanamide (Hist-SH)

In a 250 ml round bottom flask equipped with a Teflon-coated stir bar and a condenser, 10.1 

g (99.0 mmol) of γ-thiobutyrolactone, 10.0 g (90.0 mmol) of histamine and 150 ml of 

acetonitrile was added. The reaction mixture was heated to 95°C using an oil bath and the 

reaction was allowed to proceed overnight. The reaction was cooled to room temperature 

and the product was isolated by filtration and dried under vacuum yielding a pale yellow 

solid. Yield 18.3 g (95%). 1H-NMR δ (ppm) = 1.87 (p, 2H, J = 30 Hz, -CH2-CH2-CH2-), 

2.30 (t, 2H, J = 15 Hz, -C(=O)-CH2-), 2.49 (t, 2H, J = 10 Hz, -CH2-SH), 2.79 (t, 2H, J = 15 

Hz, imidazole-CH2-), 3.44 (t, 2H, J = 15 Hz, -CH2-NH-C(=O)-), 6.86 (s, 1H, -NH-CH=C<), 

7.60 (s, 1H, -NH-CH=N-). 13C-NMR δ= 23.06, 26.39, 29.89, 34.11, 38.90, 134.65, 173.94. 

FT-IR ν (cm−1) = 3230, 3130, 2980, 2895, 1640, 1575, 1495, 1420, 1360, 1300, 1253, 1225, 

1195, 1090, 1060, 929, 889, 833, 736, and 714. Mass spectrometry ESI/TOF found 

236.0811 Da [M+Na+], calculated 236.0834 Da [M+Na+].

Synthesis of histamine functional triblock-copolymer (PHGE-b-PEO-b-PHGE)

In a 250 ml round bottom flask equipped with a Teflon-coated stir bar, 5.0 g (0.19 mmol) of 

PAGE3.5k-b-PEO20k-b-PAGE3.5k, 4.7 g (22.2 mmol) of Hist-SH and 125 ml of MeOH 

was added. Once all of the reactants were dissolved, 0.14 g (0.56 mmol) of DMPA was 

added and the solution sparged with Ar (g) for five minutes. The solution was then irradiated 

with 365 nm light for 90 minutes under stirring and subsequently transferred to a dialysis 

bag with a MWCO of 3500 Da. After dialysis in 4×3.5 L of MeOH, the purified material 

was isolated by evaporation and dried under vacuum overnight to afford a tacky, yellow 

solid. Yield 6.7 g (91%) 1H-NMR δ= 1.85 (m, -S-CH2-CH2-CH2-O- and –C(=O)-CH2-CH2-

CH2-S-), 2.31 (t, J = 15 Hz, -C(=O)-CH2-), 2.52 (t, J = 15 Hz, –C(=O)-CH2-CH2-CH2-S-), 

2.60 (t, J = 15 Hz -S-CH2-CH2-CH2-O-), 2.79 (t, J = 15 Hz, imidazole-CH2-), 3.44 (t, J = 15 

Hz, -CH2-NH-C(=O)-), 3.49–3.71 (m, backbone), 6.86 (s, -NH-CH=C<), 7.61 (s, -NH-

CH=N-). 13C-NMR δ= 28.44, 29.240, 30.77, 32.28, 33.58, 41.696, 72.30, 72.54, 72.70, 

72.86, 73.02, 73.84, 81.46, 119.25, 137.43, 176.51. FT- IR ν (cm−1) = 3418, 3275, 3121, 

2880, 2695, 2659, 1644, 1554, 1466, 1454, 1359, 1342, 1279, 1241, 1145, 1100, 1060, 962, 

841, 755, 707, 663. FT-Raman ν (cm−1) = 3110, 2912, 2885, 1644, 1567, 1478, 1442, 1363, 

1281, 1235, 1142, 1060, 1029, 844, 649, 364, 278.

Potentiometric titrations

60 mg of polymer was added to 50 ml of DI water and the pH was adjusted to 2.0 using 1 M 

HCl. Once all the PHGE-b-PEO-b-PHGE had dissolved and the pH was stable, 1 M NaOH 
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was added in 20 μl portions, the pH was allowed to stabilize and the pH was recorded. Once 

the pH had reached 12.0 the titration was reversed by adding 1 M HCl in 20 μl portions 

while measuring the pH until the pH had returned to 2. This procedure was then repeated 

two more times. As a reference, a NaCl solution containing 60 mg of NaCl in 50 ml of DI 

water was used.

Preparation of gels

In a 20 ml vial with a screw cap, 400 mg of PHGE-b-PEO-b-PHGE was dissolved in 400 

μl of 0.1 M HCl followed by the addition of 3.2 ml of 100 mM phosphate buffer solution. 

After mixing for a short time using a vortexer, the gel was allowed to equilibrate for 2 days 

before the gels were characterized.

Preparation of micelles

In a 20 ml vial equipped with a stir bar and a screw cap, 10 mg of PHGE-b-PEO-b-PHGE 
and 10 ml of phosphate buffer solution (filtered through a 0.45 μm nylon syringe filter) was 

added. After stirring vigorously for 6 h, the solution was allowed to stand overnight without 

stirring. The micelles were subsequently characterized using DLS and cryo-TEM. The 

critical micelle concentration (CMC) was determined by a fluorescent probe technique using 

pyrene.26

Toxicology – MTT assay

Human breast cell lines MDA-MB-231, and MCF-7 and mouse monocyte macrophage cell 

line RAW 264.7 were cultured in DMEM (pH7.4) supplemented with 10% FBS and 1% 

penicillin/streptomycin solution at 37°C in a humidified atmosphere with 5% CO2. The 

breast cancer cells were harvested enzymatically by trypsinization while RAW 264.7 was 

mechanically harvested by scraping. Three different cells lines were separately seeded into 

96-well plates at a density of 5×104 cells per well in 100 μL DMEM (pH 7.4) and cultured 

for 24 h. The medium in each well was then replaced by 100 μL of fresh medium (pH 6.7, 

7.0 or pH 7.4) containing various concentrations of the triblock copolymer. The cells were 

incubated for another 48 h or 72 h, followed by the addition of 10 μL MTT solution (5 

mg/mL) to each well. After the cells were incubated for an additional 4 h, 100 μl SDS 

solutions (10%) was added to each well. The absorbance was measured after 18 h in a plate 

reader at 570 nm.

Results and Discussion

The imidazole group of histidine is of specific interest as a pH-responsive unit due to its bio-

compatibility as well as the physiologically relevant pH range (6.0–7.4) for protonation. For 

attachment to our previously-developed alkene functionalized polyether platform, a thiol-

functional imidazole was initially targeted in tandem with orthogonal thiol-ene chemistry. In 

developing this synthesis strategy, we were inspired by the well-known reaction between 

amines and homocysteine, which has been used in small molecule chemistry27 as well as for 

protein modification28. Hence, histamine and γ-thiobutyrolactone were chosen as the 

starting materials and reacted by simply mixing the two compounds in acetonitrile and 

heating (Scheme 1). Upon mixing at room temperature, histamine remain insoluble; 
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however, once the temperature reaches 95 °C, the histamine dissolves and product formation 

seen as precipitation of a yellow solid. After allowing the reaction to proceed overnight, it 

was cooled to ambient temperature and the product (Hist-SH) isolated by filtration (95%). 

Functionalization of the PAGE-PEO-PAGE triblock-copolymer was then achieved through 

photochemical, thiol-ene chemistry with quantitative conversion being achieved using 1.5 

equivalents of thiol-functional histamine per allyl group (Scheme 1). After purification by 

dialysis in methanol, the functionalized triblock-copolymer (PHGE-b-PEO-b-PHGE) was 

isolated in 91% yield with 1H-NMR spectroscopy showing the disappearance of peaks 

corresponding to the allyl group and appearance of unique resonances for the thio-histamine 

unit (peaks a′, b′, h′, and g′) (Figure 2). Removal of the excess histamine and degradation 

products from the initiator was monitored by 1H-NMR, which also confirmed >95% of the 

histamine in the sample was attached to the polymer. Additionally, FT-IR and FT-Raman 

also confirmed the quantitative incorporation of histamine units (see Figure ESI1 and Figure 

ESI2). As expected, the functionalized PHGE-b-PEO-b-PHGE triblock copolymer was 

found to have poor solubility in most organic solvents and basic aqueous solutions; 

however, methanol and acidic aqueous solutions readily dissolved the product.

In order to characterize the pH-responsiveness of PHGE-b-PEO-b-PHGE, potentiometric 

titration was performed (Figure ESI3) In order to characterize the pH-responsiveness of 

PHGE-b-PEO-b-PHGE, potentiometric titration was performed (Figure ESI3) The ability 

to control gel formation with changes in pH was initially demonstrated through 

encapsulation of the pH-indicator, bromothymol blue (BTB). To a 20 wt% solution of 

PHGE-b-PEO-b-PHGE in 1 M HCl, was added BTB to give a yellow colored solution 

(indicating acidic pH), addition of 1 M NaOH then resulted in the instantaneous formation 

of a green/blue colored gel (indicating neutral pH). Cycling between a green/blue gel and 

yellow solution could then be achieved by simply adding acid or base with no change in 

physical properties after repeated cycling. These results suggest that the histamines indeed 

switch between its hydrophilic and a hydrophobic state as expected. To further explore 

gelation and the viscoelastic properties of these gels, a set of 10 wt% samples were prepared 

in buffer solutions from pH 8.0 to 5.0 and as can be seen in Figure 3, a distinct transition 

from a free-standing gel to liquids of decreasing viscosity is observed on changing pH. Of 

particular note is the sharp change in properties between pH values of 6.6 and 7.4, which is 

within the range of pH-differences that is expected when moving from healthy tissue to 

cancerous or inflammatory tissue in the human body.10–12 The mechanical properties of 

these gels were then probed with a series of rheological experiments which revealed 

viscoelastic properties consistent with gels at pH 8.0 and pH 7.4 (Figure ESI4). For the pH 

8.0 sample, a crossover is observed at 0.25 Hz corresponding to a relaxation time of 0.65 s, 

while for the pH 7.4 sample, this transition is observed at 1.9 Hz and leads to a relaxation 

time of 0.08 s.30 Significantly, at pH 8, a G′ of 1.1 kPa was observed for the 10 wt% 

PHGE-b-PEO-b- PHGE gel, which is comparable to previous reports on pH responsive 

ABA gelators and further demonstrates the utility of this structural platform (Figure 

4). 9, 16, 31 Lowering the pH to 7.0 no crossover frequency can be observed and the material 

behaves as a viscous liquid. Additional decrease in pH results in further reduction of both G′ 

and G″.
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In order to characterize the pH-responsiveness of PHGE-b-PEO-b-PHGE, potentiometric 

titration was performed (Figure ESI3) and compared with a NaCl control solution. 

Significantly, a buffering region from pH 3 to 8 is observed and this buffering agrees well 

with other polymeric materials having an imidazole as the only pH-responsive moiety.19, 29 

Within the pH range of 3 to 8, the histamine units transition between a protonated 

hydrophilic state and a deprotonated hydrophobic state which is in agreement with the 

design of the triblock copolymer architecture of PHGE-b-PEO-b-PHGE and should result 

in pH-triggered self-assembly into gels or micelles.

Further analysis of the rheological properties reveal that the dynamic viscosity also drops as 

the pH is lowered (Figure ESI6) indicating that protonation of the imidazole groups reduces 

hydrophobic interactions and the resulting aggregate size. However, lowering the pH below 

5.8 did not result in a further reduction in the viscosity. This suggests that although some 

imidazole units were still charge neutral, as supported by the titrations, there were too few to 

interact with each other in a significant manner. The relationship between gel formation and 

mesostructural differences underlying changes in viscoelasticity with pH was then examined 

by small angle X-ray scattering. Increasing the pH revealed several trends (Figure 5): the 

domain spacing increased from 20 nm at pH 6.6 to 26 nm at pH 8.0 with microphase-

separation and long-range structural ordering increasing with pH.32 From the q* value of the 

gel at pH 8.0, the unit cell distance was calculated to be 37 nm (a=23/2πq*−1) based on a 

cubic lattice with BCC symmetry and the full reversibility associated with this assembly 

demonstrates the robustness of the histamine units as a structural directing unit.

The power of combining an amphiphilic triblock-copolymer architecture with the reversible 

association of the histamine units can also be appreciated through the formation of flower-

like micelles at low concentration.33 As demonstrated previously, polymer micelles based 

on triblock copolymers are of specific interest when compared to traditional diblock 

copolymer micelles for use in therapeutics34 as they benefit from the enhanced permeability 

and retention effect (EPR) and increased biocompatibility.35 In order to explore the micelle 

formation of PHGE-b-PEO-b-PHGE, low concentration (0.1 wt%) solutions were prepared 

at pH 5.0 to 8.0. Significantly, micelles were observed by DLS and cryo-TEM throughout 

the entire pH-range; however, their distribution differed greatly (see ESI7-12). At pH 8.0 

and 7.4, narrow size distributions were observed (mean intensity radius of 40 nm and 34 nm 

respectively), whereas a broad range of particle sizes were observed at lower pH. This 

difference can also be clearly seen on analysis by cryo-TEM (Figure 6). Further 

investigation of the micelles was performed by determining the CMC at different pH values 

using a fluorescent probe technique (Figure ESI13) with the CMC (ca. 50 μg/ml) being 

independent of pH. These results suggest that micellization is not primarily driven by the 

change in protonation of the imidazole group, and instead, is driven by the permanent 

hydrophobic spacer between the backbone and the imidazole unit. A key design feature of 

these pH-responsive hydrogels for in vivo applications is the biocompatibility of the building 

blocks used in their construction. Toxicological evaluation was therefore performed by 

incubating the triblock copolymers with three different cell lines at three different pH values 

(6.7, 7.0 and 7.4) (Figure 7). Two well-known breast cancer cell lines MCF-7 and MDA-

MB231, and one macrophage-like cell line RAW 264.7 were selected with the macrophages 
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being a good model for toxicity testing as they are an instrumental part of the innate immune 

system; clearing foreign bodies, such as nanoparticles from the blood stream, which may 

evoke an immune reaction.36 The viability of cells was then evaluated using MTT staining 

after 48 and 72 h. Significantly, in the tested range of concentrations (0.01 μg/ml to 100 μg/

ml), all cell lines displayed excellent viability indicating that the triblock copolymer 

assemblies have little or no toxicity over several orders of magnitude change in 

concentration. However, we can see a small reduction in the cell viability for the 

intermediate concentration of 1 ug/ml at pH 7, indicating perhaps that the self-assembly 

processes can have an effect on cell viability. Further understanding of effect requires a 

detailed investigation of the self-assembly process in complex media containing proteins.

Conclusions

Among responsive hydrogels, pH-responsive gels are of particular interest as the human 

body displays significant variation in pH depending on tissue, intracellular compartment, 

and health status. Following a modular approach, a thiol- functional histamine unit (Hist-
SH) with a pKa of ~6.5, which is ideally suited for in-vivo applications, was synthesized and 

used to functionalize PAGE-b-PEO-b-PAGE. The responsive nature of the triblock 

copolymer, PHGE-b-PEO-b-PHGE, allows free standing gels to be readily formed at pH 

>7 and at concentrations as low as 7 wt%. Interestingly, SAXS characterization of the 10 wt

% gels showed that at pH 8.0, the hydrophobic domains order onto a BCC lattice while at 

low concentrations (0.1 wt%) micelles could be formed. The CMC of these micelles was 

independent of pH; however, the micellar size and size distribution was highly dependent on 

pH. Toxicological screening against three different cell lines showed that the material was 

non-toxic, which further supports the potential of in vivo use of the triblock material. These 

results suggest that the strategy of combining the responsiveness of histamine repeat units 

with the biocompatibility of functional polyethers may be of great utility for drug delivery 

applications with a passive targeting strategy and pH as an active trigger.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic strategy of the pH-responsive ABA triblock copolymer and its self-assembly into 

gels and micelles upon changes in pH.
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Fig. 2. 
1H-NMR of Hist-SH (bottom), PAGE3.5k-b-PEO20k-b-PAGE3.5k (middle), and PHGE-b-
PEO-b-PHGE (top).
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Fig. 3. 
Photo of 10 wt% gels/solutions of PHGE-b-PEO-b-PHGE at different pH.

Lundberg et al. Page 12

Soft Matter. Author manuscript; available in PMC 2015 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Storage modulus (G′) at 1 Hz vs. pH. G′ values extracted from Figure ESI4.
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Fig. 5. 
SAXS measurements of 10 wt% gels/solutions of PHGE-b-PEO-b-PHGE at different pH 

with inset of BCC unit cell.
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Fig. 6. 
Cryo-TEM image of a micelle solution at pH 7.4 and a histogram showing the distribution 

of particle sizes (A). Cryo-TEM image of a micelle solution at pH 5.0 and a histogram 

showing the distribution of particle sizes (B).
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Fig. 7. 
MTT-assay of PHGE-b-PEO-b-PHGE after 48 h (left) and 72 h (right) using three different 

cell lines varying the concentration of polymer and pH.
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Scheme 1. 
Synthetic route to Hist-SH and PHGE-b-PEO-b-PHGE.
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