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ABSTRACT: New molecular motifs that can act as pH-regulating triggers for amphiphilic, pH-

sensitive block copolymers are investigated. Inspired by the mechanism of action of pH-

indicators, such as methyl orange, and natural amino acids, we designed these copolymers where 

either 4-Amino-4'-dimethylaminoazobenzene, AZB (pKa 3.4, an amine derivative of methyl or-

ange), isoleucine, Ile (pKa 2.37 for carboxylic acid), or a statistical mixture of the both were ap-

pended as side chains to the hydrophobic block to act as pH-triggers. These new side chain mo-

tifs were identified with an aim to enhance the self-assembling properties of these block copoly-

mers in terms of particle size and stability, and drug encapsulation and release. As the parent pol-

ymer, poly (ethylene) glycol-block- poly (carbonate) (PEG-b-PC) of number average molecular 

weight 12.1 kDa was used. We observed that when PEG-b-PC block copolymers, when engi-

neered with AZB or Ile-type of pH-regulators appended as side chains at PC blocks, were able to 

form self-assembled, spherical nanoparticles with hydrodynamic diameters ranging from 114 – 

137 nm depending on copolymer composition. Critical aggregation concentration (CAC) of 

block copolymers were found to be governed by the type and content of side chains. We explored 

the use of these newly designed block copolymer assemblies as drug carriers using gemcitabine 

(GEM) as a model cytotoxic drug used for pancreatic ductal adenocarcinoma (PDAC). We 

showed that AZB and Ile decorated copolymeric nanocarriers were able to encapsulate GEM at 

13.8 to 28.8 % loading content and release the drug in a pH-dependent pattern. Drug-loaded 

nanocarriers showed cellular entry into PDAC cells in vitro and was found to exert cytotoxicity 

against proliferating cancer cells. Drug-free nanocarriers, as well as block copolymers bearing 

these new pH-responsive triggers did not show any cytotoxicity at usable concentration, thereby 

reflecting the potentials of these molecular motifs for designing stimuli-responsive drug delivery 

nanosystems.



 

 

INTRODUCTION 

Polymeric nanocarriers have emerged as promising candidates for drug delivery over last several dec-

ades 1-4 With the advent of newer polymerization techniques and catalysts, chemically diverse macromo-

lecular constructs have been synthesized with significant bio-functional attributes5, such as, disease-

targeting6, 7, tissue penetration and localization6, 8, drug encapsulation and programmed release at patho-

logical targets. To promote selective delivery and accumulation of drugs to a specific set of diseased tis-

sue, polymeric carriers have been engineered with passive (size-dependent), active (ligand-based), as 

well as with microenvironment-sensitive targeting modalities.9-11 For cancer, mono- or multiple-stimuli 

sensitive drug carriers have found special interest owing to disease heterogeneity, which oftentimes 

show variable phenotypic disposition of diverse biochemical abnormalities. At nanoscale, stimuli-driven 

polymeric drug carriers sense these altered biochemical cues, and translate the signal through structural 

changes that initiate drug release at target site 12, 13. Both exogenous (such as, temperature gradient, 

changes in magnetic field, ultrasound intensity, light or electric pulses)14  or endogenous (pH6, 15-18, hy-

poxia19-21 or enzyme concentration22, 23) stimuli can be used as triggers, and the sensing modalities are 

generally included either within the primary chain or in the side chains of these polymers to induce drug 

release on-site, on-demand. Among these biochemical stimuli, the pH-status of target tissues has been 

heavily investigated as an induction signal for drug release. The design principle of pH-sensitive 

nanocarriers are based on the fact that a steep pH gradient exists between target and non-target tissues17, 

24-29 30, 31. Such gradient is indeed observed and reported for many diseases including inflammatory con-

ditions and metabolically active cancers. For example, microenvironment of breast, ovarian, and pan-

creatic cancer are acidified due to the dependence of the malignant cells on aerobic glycolysis and efflux 

of intracellular acidic byproducts to extracellular spaces 32, 33. Thus, a large cohort of research endeavor 

has exploited the pH-abnormality of tumors to design targeted drug therapy that is activated under low 

pH conditions. 34 35-37 16, 38, 39  



 

The most frequently used molecular attribute that has been employed for constructing pH-

sensing polymers involves tertiary alkyl amines, immobilized as side chains on block copolymer motifs. 

Through protonation of amines, these polymeric motifs demonstrate reversible, mesoscale phase transi-

tion upon pH-shift from neutral to acidic conditions 40, 41 34, 42-47. These architectures therefore have been 

employed to design nanocarriers to stabilize small molecular drugs in plasma and release the encapsu-

lated cargo in tumors where pH < 7.4. One of the most common classes of pH-responding small mole-

cules are organic acid/base indicators. Most of these indicators bear substituted amine functional groups 

that show pH-sensing properties through the formation of charged cationic center, which delocalizes 

with the aromatic core of the molecule under low pH conditions. However, their use in pH-responsive 

block copolymer design is relatively underexplored. In our attempt to find out a suitable pH-sensing side 

chain for poly(ethylene glycol)-block-poly(carbonate) (PEG-b-PC) copolymers, we attempted to explore 

the feasibility of using 4-Amino-4'-dimethylaminoazobenzene (AZB), a methyl orange derivative with 

pKa value of 3.4. Organic dyes have been utilized as pH-sensitive triggers for several dendritic systems 

for modulating photo activity. 48-50  We immobilized AZB to the PC blocks of PEG-b-PC copolymers 

during the post-polymerization reaction. We envisioned that these bulky side chains will not only act as 

regulators for pH-induced structural destabilization, but will also contribute to controlled drug release, 

plasma stability and drug loading properties. Natural amino acids are another rich molecular repository 

from which high to moderately sensitive pH-regulators can be selected for designing pH-sensing copol-

ymeric systems. Basic (i.e. histidine, l-arginine) or acidic (i.e. l-aspartic acid, l-glutamic acid) amino 

acids has already been reported to act as pH-sensing modality for block copolymer assemblies51-53. In 

our case, we were interested to explore the use l-isoleucine (Ile) as additional pH-sensing triggers. When 

appended to the PC blocks of PEG-b-PC block copolymers through α-amino group, Ile will present an  

α-carboxylic acid as side chains that can function as proton-sensing functionality. As an essential amino 

acids widely present in nature, l-isoleucine is molecular motif most commonly utilized by living sys-

tems to induce the formation of α-helical structures and provide the strongest hydrophobic interaction 



 

sites54. We hypothesize that, these new side chain motifs, i.e. AZB and Ile, will provide the block copol-

ymer with pH-sensing capability and will also serve as intra- or intermolecular binding sites for non-

covalent interactions. Among such interactions, we envision that, AZB and Ile motifs be involved in par-

ticipating in π-π or hydrophobic interactions, respectively, in intra- and intermolecular settings. Such 

enhanced non-covalent interactions will improve plasma stability, drug loading and pH-sensitive release 

capacity of polymer-polymer or polymer-drug ensembles. Using gemcitabine (GEM), which is one of 

the frontline chemotherapies for pancreatic ductal adenocarcinoma (PDAC), we set out to validate our 

hypothesis. To evaluate the combined effect of AZB and Ile on pH-sensitivity, stability and pH-

dependent drug release properties, we co-conjugated both AZB and Ile to the PC blocks of PEG-b-PC 

copolymers at defined ratio. 55 Finally, we checked cellular compatibility, cytotoxicity and internaliza-

tion behavior of synthesized block copolymers against pancreatic cancer cell line. 

EXPERIMENTAL  

Materials. All chemicals were obtained from Sigma-Aldrich unless otherwise mentioned, and anhy-

drous solvents were from VWR, EMD Millipore. 1H NMR spectra were recorded using a Bruker 

400 MHz spectrometer with TMS as the internal standard. IR Spectra were recorded using an ATR dia-

mond tip on a Thermo Scientific Nicolet 8700 FTIR instrument. Gel permeation chromatography was 

done on a GPC system (EcoSEC HLC-8320GPC, Tosoh Bioscience, Japan) using a differential RI de-

tector, employing polystyrene (Agilent EasiVial PS-H 4 ml) as the standard and THF as the eluent with a 

flow rate of 0.35 mL per minute at 40 °C. The sample concentration used was 1 mg/mL of which 20 µL 

was injected. DLS measurements were carried out using a Malvern instrument (Malvern ZS 90). UV–

Vis and fluorescence spectra were recorded using a Varian UV–vis spectrophotometer and a Fluoro-

Log3 fluorescence spectrophotometer, respectively. TEM studies were carried out using a JEOL JEM-

2100 LaB6 transmission electron microscope (JEOL USA, Peabody, Massachusetts) with an accelerat-

ing voltage of 200 kV. 



 

Synthesis of block copolymers. For the synthesis of PEG-b-PC systems appended with AZB or Ile, we 

followed a previously described protocol41, 56. First we synthesized the pentafluorophenol (PFP) protect-

ed bis (methoxy propionic acid)57 monomer (1). Ring opening polymerization of (1) using a macroin-

itiator, methoxy terminated poly(ethylene glycol) (PEG-OH, Mn=5000 g/mol) (2) generated the PEG-b-

PC block copolymer (3) at 52% yield 56. The hydrophobic PC block of copolymer 3 was post-

functionalized by substituting PFP-ester with either 4-Amino-4'-dimethylaminoazobenzene, AZB (an 

amine derivative of methyl orange, pKa 3.4) to yield copolymer 4 (PEG-AZB), or with isoleucine, Ile 

(pKa 2.37) to yield copolymer 5 (PEG-Ile). This is to note that, PFP to AZB or Ile molar ratio was kept 

at 1: 2 to ensure complete substitution of PFP ester from the block copolymer as indicated by 19F NMR. 

To generate a block copolymer system where the hydrophobic block is randomly decorated with AZB 

and Ile, we reacted 3 with 1:1 stoichiometric mixture of AZB and Ile to synthesize the copolymer 6 

(PEG-AZB-Ile). Again, combined molar ratio of AZB and Ile with respect to PFP ester was maintained 

at 1: 2. 1H and 19F NMR spectroscopy was used to characterize the synthesized polymers. 

Determination of pKa of synthesized block copolymers. For determination of acid-base titration charac-

teristics of block copolymers, we adopted a previously established procedure by Engler et al40. In this 

method, pH of a 10 mg/mL solution of polymer 4, 5 or 6 was first reduced to pH 2.0 by adding 0.1 M 

HCl. At this pH, primary amines of polymer 4 and 6 will be in ionized (protonated), and carboxylic ac-

ids of 5 and 6 will be in unionized form. The pKa values (acid dissociation constant) of block copoly-

mers 4-6 were determined by titrating the aqueous solution of the polymers against 0.1 N sodium hy-

droxide. The pKa was calculated by measuring the pH at the half-equivalence (inflection) point of the 

titration curve. 

Preparation of nanoparticles. To induce the formation of self-assembled structures from block copoly-

mer 4-6, non-solvent induced phase separation (nanoprecipitation) method was adopted. In this proto-

col, the block copolymer was first dissolved in a non-selective solvent which dissolves both blocks 

(such as DMSO) and then added to a selective solvent (such as PBS, pH 7.4) which dissolves only the 



 

hydrophilic block. Such rapid phase transition induced the formation of nanoparticles58. As a representa-

tive example, we dissolved 10 mg of PEG-AZB (4), PEG-Ile (5) or PEG-AZB-Ile (6) in 250 μL of 

DMSO and added this solution drop-wise to 750 μL of PBS buffer (pH 7.4) under constant stirring at 

room temperature. The resultant solution was transferred to a float-a-lyzer (MWCO 3.5–5 kDa) and al-

lowed to dialyze against ∼ 700 mL PBS buffer (pH 7.4) overnight with constant shaking at moderate 

speed. The solutions were then filtered using a 0.2 μm PES filter and stored for further characterization.  

Determination of particle size of block copolymeric nanoparticles. To determine the hydrodynamic 

diameter of nanoparticles formed by nanoprecipitation techniques, the particle suspension was analyzed 

using Dynamic Light Scattering (DLS) at a scattering angle of 90°. For zeta potential measurements a 

sample concentration of 10 mg/mL was used. The zeta potential of the sample solution was determined 

in terms of electrophoretic mobility by taking an average of 5 independent readings. Both DLS and zeta 

potential measurement were carried out in PBS, pH 7.4, at an ionic strength of 0.15 M consisting of 0.01 

M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride.  For TEM measure-

ments, a drop of the sample was placed on a 300-mesh formvar-carbon coated copper TEM grid (Elec-

tron Microscopy Sciences, Hatfield, Pennsylvania, USA) for 1 min and wicked off.  Phosphotungstic 

acid 0.1%, pH adjusted to 7-8, was dropped onto the grid and allowed to stand for 2 minutes and then 

wicked off. 

Stability studies of block copolymeric nanoparticles in the presence of plasma proteins. To ascertain 

the stability of the nanocarriers in the presence of proteins which are commonly encountered during the 

systemic lifetime of nanoparticles in circulation, we incubated block copolymeric nanoparticles 10% 

Fetal Bovine Serum (FBS) solution. Post-incubation particle size was monitored using DLS at regular 

time intervals for a span of 48 h to evaluate the change of particle size as a function of time. 

Determination of Critical Aggregation Constant (CAC) of block copolymers. To evaluate the effect of 

AZB and Ile sidechains on polymer assembly, we determined the CAC of individual polymers following 

a previously established protocol 28. Briefly, 10 μL of a stock solution of 0.1 mM pyrene in dichloro-



 

methane was measured in individual glass vials and dichloromethane was dried under air. To each of 

these vials, various measured amounts of polymers were added (stock solution concentration 1 mM) so 

that the concentrations varied from 0.0019 mM to 0.5 mM and the final concentration of pyrene in each 

vial was 1 μM. After sonication for 45 min, the vials were kept at room temperature for 3 h before re-

cording the fluorescence spectra. The excitation wavelength was maintained at 337 nm, while the emis-

sion intensities at 373 nm and 384 nm were recorded (using a bandwidth of 2.5 nm for both excitation 

and emission). Fluorescence intensity ratios were plotted against the polymer concentration (in log 

scale).  The break point of the curve was considered as the CAC for each polymer.  

Encapsulation of drug and dye within polymeric self-assembly. For the preparation of drug loaded na-

noparticles, 10 mg of the respective block copolymer and 5 mg of GEM were dissolved in 250 μL of 

DMSO and the solution was added dropwise to a stirring solution of 750 μL PBS buffer at room temper-

ature. The resulting suspension was stirred overnight to ensure maximum drug loading into the assem-

bling nanoparticles. The suspension was then loaded onto micro-centrifuge filters (MWCO 3.5 kDa) and 

centrifuged at 3000 rpm till complete separation of the filtrate into the lower chamber was observed. 

The filtrate was analyzed using UV–vis spectroscopy (at λmax = 275 nm) to quantify the amount of drug 

loaded.  The slurry in the filter was resuspended using chilled PBS to a concentration of 10 mg/mL and 

used for drug release and other studies. The loading content was calculated using the following equa-

tion: 

Loading content(%)
୵

୵
 =  

୅୫୭୳୬୲ ୭୤ ୢ୰୳୥ ୪୭ୟୢୣୢ

୘୭୲ୟ୪ ୵ୣ୧୥୦୲ ୭୤ ୤୭୰୫୳୪ୟ୲୧୭୬ 
 × 100 …(Equation 1) 

 

To prepare fluorescent dye loaded nanocarriers of synthesized block copolymers, the same protocol was 

followed and instead of GEM, 50 µL of AlexaFluor-647 (AF-647, λem = 665 nm) was used. Following 

overnight stirring in aluminum foil covered vials, the dye-loaded nanoparticle suspension was trans-

ferred to Float-A-Lyzer® (MWCO 3.5–5 kDa) and dialyzed against 800 mL PBS under constant agita-



 

tion at moderate speed. Bulk media was changed at regular intervals till no further discoloration of the 

media was observed.  

In vitro release of encapsulated drug from block copolymeric nanoparticles in the presence of plas-

ma. Release studies of the encapsulated drug was carried out using a formerly established protocol59. 

Briefly, 1 mL of the drug-loaded nanoparticle solution (in PBS) reinforced with 10% v/v FBS were tak-

en in the inner chamber of a Float-A-Lyzer® (MWCO 3.5–5 kDa), while 5 mL of phosphate buffer 

maintained at desired pH (pH 7.4 or pH 4.5) was used in the outer chamber. From the outer chamber, 1 

mL of the solution was withdrawn periodically and replaced by an equal volume of fresh buffer of simi-

lar pH to maintain the sink condition. The drug release was measured using UV-Visible absorbance 

spectroscopy at 275 nm. 

In vitro cell culture. The pancreatic cancer cell line, MIA PaCa-2 and a non-cancerous pancreatic cell 

line, HPNE were purchased from ATCC (American Type Culture Collection) and grown at 37 °C with 

5% CO2. Both these cell lines were cultured in DMEM high glucose medium (Thermo Fisher Scien-

tific) supplemented with 10% FBS and 1% antibiotic-antimycotic (Gibco) solution. The cell lines were 

sub-cultured by enzymatic digestion with 0.25% trypsin/ 1 mM EDTA solution (Thermo Fisher Scien-

tific) when they reached approximately 70% confluency. 

Cell viability assay. Cell viability assays were performed for all drug-loaded nanoparticles and the cor-

responding free drug at an equivalent concentration. Cytotoxicity of bare nanoparticles derived from 

PEG-AZB (4), PEG-Ile (5) and PEG-AZB-Ile (6) were screened against both MIA PaCa-2 and HPNE 

cell lines. For these cell lines, 5000 cells/well were seeded in 96-well plates and 24 h later, the cells 

were treated with different concentrations of drug-free nanoparticles ranging from 1mg/mL to 0.0625 

mg/mL. For cell viability assay of drug-loaded nanocarriers, the concentration of free and nanoparticle 

encapsulated GEM was varied from 0.001 µM to 1 µM. After 72 h post incubation, viability was deter-

mined using an MTS assay. Cell viability was calculated using the following equation: 

Cell viability (%) =
Absorbance of test sample

Absorbance of control
 × 100 … . . (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 



 

 

Confocal microscopy. Cellular uptake of dye (AF-647)-labelled nanoparticles constituted from block 

copolymers 4-6 was assessed by confocal fluorescence microscopy. MIA PaCa-2 cells were seeded in 

ibidi® glass bottom dish (35 mm) at 1 × 105 cells per well and grown overnight. Then, cells were incu-

bated with dye-labelled nanoparticles at 37 °C in DMEM high glucose medium for 1, 4, and 24 h. At the 

end of incubation periods, cells were washed with PBS, fixed with formalin, stained with phalloidin and 

DAPI and imaged. The confocal images were acquired using Zeiss AxioObserver Z1 microscope 

equipped with LSM700 laser scanning module (Zeiss, Thornwood, NY), at 40X magnification with 

40x/1.3 Plan-Apochromat lens. 

RESULTS AND DISCUSSION  

Synthesis   and   characterization   of   pH-responsive block copolymers. Ring opening polymerization 

of a pentafluorophenyl ester appended activated carbonate monomer (1), initiated by methoxy terminat-

ed poly (ethylene) glycol was employed to prepare the main chain of the PEG-PC block copolymer 

(Scheme 1).  



 

 

Block copolymers with pH-sensing side chains, i.e. 4 (PEG-AZB), 5 (PEG-Ile) and 6 (PEG-AZB-Ile) 

systems were synthesized from 3 by replacing the pentafluorophenol ester groups using the primary 

amines of 4-Amino-4'-dimethylaminoazobenzene (AZB) and Isoleucine (Ile, pKa 2.37) at post-

polymerization step, respectively (Scheme 1). Synthesis and characterization of the precursor polymer 

(3) was carried out as reported earlier 28, 41, 56.  These polymers were soluble in DMSO exclusively. 

Therefore, the 1H NMR was adopted to determine the number average molecular weight (Mn), which is 

also a validated method to determine polymer molecular weights. Degree of polymerization (DPn) was 

obtained by dividing the Mn of the polymer by the molecular weight of the respective monomers. The 

number of side chain units were determined from 1H NMR spectra by comparing the ratio of the inte-

grated area of the target peaks. The variation of Mn with composition of the polymers are presented in 

Table 1: 

Table 1: Composition of pH-responsive block copolymers: 
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Scheme 1. Synthetic route for the generation of pH responsive polymers 



 

code Hydrophilic 

block 

Hydrophobic 

block 

Side chain m.w. 

(g/mol) 

Number of side chain units 

4 PEG-5kDa Poly(carbonate) AZB 12.9 25 

5 PEG-5kDa Poly (carbonate) Ile 13.4 18 

6 PEG-5kDa Poly (carbonate) AZB + Ile 17.2 13 (AZB) + 9 (Ile) 

 

Synthesis of the monomer (1) was carried out as reported by Hedricks et al 57. All resulting polymers 

were characterized using 1H NMR spectroscopy (Fig. 1a for NMR and Supporting information for syn-

thetic description).  

 

 

 

For polymer 4 and 6, signals from the two aromatic protons from the ABZ moiety was observed be-

tween 7.1-7.7 ppm as doublets, while the protons of the methyl group from -N (CH3)2 groups appeared 

at 2.84ppm as a broad singlet. 19F NMR was used to identify if quantitative replacement of the pen-

tafluorophenyl groups have taken place by the addition of amines. This reaction was followed by track-

ing the disappearance of signal in the region of -160 ppm (from pentafluorophenyl group of the precur-

 

Fig. 1: (a) 1H NMR spectra of block copolymers PEG-AZB (4), PEG-Ile (5) and PEG-AZB-Ile (6), 

(b) pH titration curves of the block copolymers (c) Size distribution of the nanoparticles at different 

pH. All nanoparticles showed pH-dependent reduction of particle size. Most significant (10-fold) 

reduction of size was observed with nanoparticles composed of polymer 4 and 6. 



 

sor molecule), which was no longer observed in the spectra of the products (Supporting information, 

Figure S2). During our reaction, we carefully controlled the inert atmosphere using Schlenk arrange-

ment, and used anhydrous solvent. Therefore, we anticipate that PFP group will only be hydrolyzed by 

incoming nucleophilic attack by primary amines. 

 

Self-assembly of pH-responsive block copolymers Block copolymers composed of hydrophobic do-

mains connected to PEGs are well-established motif to form self-assembled structures in the form of 

micelles or polymersomes60. When the hydrophobic domain of a block copolymer is decorated with 

multiple copies of pH responsive side chains, such as tertiary amines, overall pKa value of the block co-

polymer regulates the reversible assembly-disassembly behavior of their assemblies as a function of pH. 

To determine the pKa of the synthesized block copolymers, we titrated an acidic solution of each poly-

mer against 0.1 N NaOH. In case of the PEG-AZB containing polymers (4 and 6) the color of the solu-

tion changed from dark orange in acidic media to yellow as the pH was gradually increased. From the 

titration curve of individual polymers (Fig. 1b, red and blue triangle) the pKa value (pH at half inflection 

point) of 4 (hydrophobic block with AZB side chain) was found to be 6.49, whereas Ile containing block 

copolymer 5 showed an overall pKa value of 6.08. Co-conjugation of AZB and Ile at 1:1 feed ratio, as in 

6, showed a pKa value of 6.5 (Fig. 1b, orange diamond). These values led us to hypothesize that at the 

physiological pH of 7.4, less than 50% of ionizable side chains from all three copolymers will be proto-

nated, and thereby will confer to systemic stability. Both AZB containing polymers (4 and 6) showed 

increased buffering capacity than the block copolymer conjugated exclusively with Ile. In aqueous solu-

tion, free Ile shows pKa value of 2.32 (originating from the carboxylic acid) 9.76 (contributed from the 

amine groups) in its monomeric form. . Our pKa measurement indicated that, conjugation of Ile through 

the N-termini to the polymer resulted in reduction of the pKa value of the polycarboxylate product com-

pared to the monomer (from 9.76 to 6.08), due to conjugation of the amino acid to the PEG-

polycarbonate backbone through the amide linkage via its primary amine.  



 

Indeed, all synthesized block copolymers (4-6) were found to form self-assembled structures when us-

ing the nanoprecipitation method from a non-selective solvent like DMSO to a selective media, i.e. PBS 

maintained at pH 7.4. Dynamic Light Scattering (DLS) measurements at physiological pH showed the 

presence of particles with a number average hydrodynamic diameter within the range of 100 - 150 nm 

(Fig. 1c). More specifically, the particle size for polymers 4,5 and 6 were found to be 137.4 (±8.1) nm, 

131.6 (±11.9) nm and 114.3 (±12.2) nm, respectively. Interestingly, when these particles were subjected 

to an acidic pH of 4.5, a significant (>10-fold) reduction of particle size was observed with nanoparti-

cles composed of AZB containing copolymers (4 and 6).At pH 4.5, nanoparticles composed of these 

block copolymers displayed particles with an average hydrodynamic diameter of less than 20 nm for 

copolymer 4 and 6 The polydispersity PDI values in all cases were < 0.3. For nanoparticles composed of 

polymer 5, (i.e. Ile conjugated systems), average particle size was found to be 35.5 (±4.53) nm) (Fig. 

1c). Particles prepared with Ile conjugated block copolymer did not show comparable reduction of hy-

drodynamic diameter compared to those prepared with 4 and 6, most likely due to protonation of car-

boxylate groups at lowered pH, leading to de-swelling and hydrophobic stabilization of the particles. 

Nanoparticles synthesized from different block copolymers did not show significant difference in their 

surface charge in terms of ζ-potential. The surface charge density or of ζ-potential  of 4 was found to be 

-20.1 (±1.5) mV, while 5 and 6 showed an average ζ-potential of was -19.4 (± 0.95) and -20.4 (±1.2) 

mV, respectively. The reasons for the anionic zeta potential values can be explained in terms of the pen-

dant group functionality (for Ile conjugated polymers) and net electron density (for AZB conjugated 

polymers) 

Transmission electron microscopy (TEM) analysis revealed the formation of spherical, homogenous, 

and monodispersed nanoparticulate structures resulting from the assembly of copolymers 4-6. The aver-

age size of the nanoparticles from TEM was observed to be ~ 4, and ~ 70 nm ± 12.9 nm and ~ 60 nm ± 

11.8 nm for copolymer 5 and 6, respectively (Fig. 2a-c). When subjected to acidic pH (pH=4.5, these 

particles were found to collapse and a population of small structures (Fig. 2a-c bottom panel). Although 



 

not prevalent with epithelial cells, pH inside macrophage lysosome is 4.7-4.8, although it can drop tran-

siently as low as 4.561. Therefore, we chose pH 4.5 as a representative acidic condition. The difference 

in hydrodynamic diameters in both pH values obtained by DLS and TEM-based measurements can be 

attributed to the shrinkage in the hydrophilic corona. 

 

 

Plasma stability studies. We studied preliminary interactions of polymer nanoparticles with various 

plasma proteins to identify possible downstream effects of such interactions, which in turn form the ba-

sis of nanoparticle toxicity62. Calderon et al63and Chan and coworkers64, have reported that it is essential 

to comprehend such interactions which govern the therapeutic efficacy of nanoparticle-mediated drug 

delivery.  A broad spectrum of protein components present in serum is encountered when nanoparticles 

are introduced in the blood stream leading to the formation of protein corona deposited on the surface of 

the latter. This nanoparticle–protein corona is a dynamic interface, that not only governs the interactions 

of nanomaterials with the physiological environment, but also directs stability, lifetime and down-stream 

pharmacological effects of nanoparticles 65. To predict the fate of our engineered systems in the presence 

 

Fig. 2. (Top panel) TEM images at pH 7.4 of nanoparticles derived from (a) copolymer 4 with 

AZB, (b) copolymer 5 with conjugated Ile (c) and copolymer 6, co-conjugated to AZB and Ile. Cor-

responding images for each sample, incubated at acidic pH, are presented in the lower panel. 



 

of proteins encountered in the blood stream, we incubated each of these nanoparticle suspensions in 

10% FBS and measured the particle size using DLS at regular intervals for 48 h. We observed that larger 

population of these particles remained stable although there was a slight increase in the hydrodynamic 

diameters post 24 hours which can be attributed to the protein corona and nanocarrier interactions (Fig. 

3) 66 A small fraction of particulate aggregates were also observed, with an approximate diameter of 10 

nm, origin of which cannot be pinpointed at this stage. Most likely these smaller particles could be re-

sulting from aggregates of plasma proteins. 

 

Determination of critical aggregation concentration (CAC) of block copolymer assemblies. After es-

tablishing the formation of self-assembled structures by block copolymers 4-6, we set out to investigate 

their critical aggregation concentration (CAC). Pyrene is a hydrophobic molecule used widely to deter-

mine the CAC of various polymeric constructs. It has been reported that the first (λ373 nm) and third 

(λ384 nm) peaks in the fluorescence emission spectra of pyrene are sensitive to the polarity of the envi-

ronment and, the ratio of these two signals can therefore be used to determine the stability of association 

of block copolymers. We measured the fluorescence emission spectra at 373 and 384 nm and plotted the 

intensity ratio at these two wavelengths against polymer concentration. We observed a clear breakpoint 

for the concentration-dependent intensity changes for pyrene for all block copolymers at pH 7.4, but not 

at pH 4.5. (Fig.4). 

 

Fig.3. Plasma stability studies monitored by particle size distribution using DLS of nanoparticles 

generated from (a) AZB-containing block copolymer (4), (b) Ile-rich block copolymer (5) and (c) 

copolymer co-functionalized with AZB and Ile (6).  



 

 

The point of intersection of the curves provided us with the CAC value for each polymer. While PEG-

AZB (4) showed a CAC value of 3.56 x 10-6 M and PEG-Ile (5) represented a CAC value of 20.7 x 10-6 

M, copolymer 6 exhibited a CAC value corresponding to 3.71 x 10-6 M. We observed that, when the pH 

was lowered, the ratio of the first and third intensities decreased gradually over the range of concentra-

tions used for pH 4.5, thereby indicating that at this pH, the polymer did not form any self-assembled 

structures. (Fig. 4b). The reason for relatively high CAC value for PEG-Ile system (5) can be attributed 

to preferential intramolecular hydrophobic interactions between Ile side chains within the same copoly-

mer, preventing or weakening their intermolecular assembly. 

Drug loading and Spatio-temporal release of encapsulated gemcitabine within block copolymer as-

semblies. To evaluate if these block copolymeric nanoparticles can be used as potential drug carriers, we 

evaluated their encapsulation and release properties towards a model drug, gemcitabine (GEM). As a 

nucleoside analog, GEM is used as one of the frontline chemotherapeutic agents against pancreatic can-

cer. We first evaluated the loading content of GEM in nanoparticles composed of block copolymer 4-6 

(Table 2) using UV-Visible spectroscopy. We observed that loading content for nanoparticles composed 

of block copolymers bearing AZB were higher than those composed of block copolymers bearing Ile 

side chains, and comparable to pH-sensitive drug nanocarriers, which are composed of block copoly-

mers bearing tertiary amines as pH-responding units.67-69 Multiple secondary interactions, such as π- π, 

 

Fig.4. Plots of the ratio of I1/I3 of pyrene as a function of polymer concentration of (a) PEG-AZB 

(4) (b) PEG-Ile (5) (c) PEG-AZB-Ile (6) at two different pH conditions (i.e., pH 7.4 and 4.5). 



 

Van der Walls, and hydrophobic binding sites, provided by the constituent block copolymers could be 

attributed for such high capacity drug loading exhibited by these nanoparticles.  

We also studied pH-dependent release of the encapsulated content from the nanoparticles as a 

function of time (Fig. 5). To design this experiment, we carried out vitro release studies of GEM from 

drug-loaded nanocarriers in the presence of 10% FBS dialyzed against buffer solution maintained at de-

sired pH. To mimic the pH gradient of PDAC microenvironment we chose pH 7.4 and 4.5 (endosomal-

lysosomal pH) to conduct the release experiment. We observed that in case of nanoparticles composed 

of block copolymer 4 (i.e. PEG-AZB), ~ 30% of loaded GEM was released at physiological pH, where-

as 75.95 ± 0.14% of the drug was released at pH 4.5. We observed a biphasic release profile for most of 

the polymers, where the release rate was slowed between 8-24 h. For nano-constructs composed of 

block copolymers co-conjugated with AZB and Ile (polymer 6), < 13.95 ± 0.17%  GEM was released at 

pH 7.4 after 24 h, while 86.1 ±0.01% of GEM was released at the physiological pH over the same time 

frame. Nanoparticles composed of PEG-Ile systems did not exhibit an acute pH-sensitive drug release, 

accounting for only 20% difference in release between the pH levels of 7.4 and 4.5 over 24h (Fig. 5a-c). 

Table 1 shows the t50% (time required to release 50% of the encapsulated content) from various formula-

tions. Both CAC and drug release data indicates that polymer 4 bearing AZB side chains shows noticea-

 

Fig. 5. Cumulative release of gemcitabine from nanoparticles derived from (a) PEG-AZB (b) PEG-Ile 

and (c) PEG-AZB-Ile systems, Error bars represent standard deviation of the average of three meas-

urements. 



 

ble pH-dependent assembly, loading content, and pH-programmable drug release properties. This pH-

depended assembly-disassembly of nanoparticles composed of polymer 4 most likely stems from dime-

thylamino group of the azobenzene derivative (please see Scheme 1). As expected, nanoparticles com-

posed of polymer 5 containing Ile side chains did not show any pH-responsive drug release properties. 

However, copolymer 6, which has both AZB and Ile side chains at 13 to 9 ratio) showed the highest re-

sistance to drug release at neutral pH. This further strengthens our hypothesis that coupling the hydro-

phobic properties of amino acids with pH-sensing attributes of AZB-type systems enable to achieve 

tight packing of copolymeric nanoparticles, and controlled release of the encapsulated contents from 

these assemblies. 

Table 2: Drug loading and t50% values for nanoparticles composed of copolymer 4-6: 

Side chains at hydrophobic block a Loading content (%)* Loading efficiency (%)b t50% (h) 

AZB 28.8 ± 6.15 57.4 ± 7.3 12.19 

Ile 13.8 ± 3.2 39.8 ± 5.2 4.42 

AZB: Ile (13: 9) 21.1 ± 4.9 38.4 ± 6.4 6.63 

dibutylamine67 29 ± 7.5 86 ± 3.18 6.98 

a PEG-PC block copolymer, PC is the hydrophobic block; AZB = 4-Amino-4'-

dimethylaminoazobenzene, Ile = L-isoleucine. b Loading efficiency was calculated according to Equa-

tion 3 in supporting information. * Calculated form UV-Vis spectroscopic analysis. 

In vitro cytotoxicity and biocompatibility studies and cellular internalization studies. To investigate 

the cytotoxic effect of nanoparticle-bound GEM, we treated MIA PaCa-2 cells, a cell line reported to 

show KRAS mutation which is prevalent in PDAC, with GEM-loaded nanoparticles composed of co-

polymer 4-6. Cell viability assays using MTS were performed varying the concentration of encapsulated 

and free gemcitabine from 1 nM to 1 µM. Fig. 6a-c shows the effect of GEM-loaded and free nanoparti-

cle toxicity against pancreatic cancer cell line, MIA PaCa-2, and a non-cancerous cell line from pancre-

as, HPNE that has been used as control. We observed that of all GEM-loaded nanoparticles composed of 



 

block copolymers with AZB side chains, showed extensive cell death. For example, PEG-AZB-Ile na-

noparticles released GEM that accounted for 30% cell viability at drug concentration of 1 µM post 72h 

incubation (Figure 6a), whereas GEM-loaded PEG-Ile nanoparticles showed almost equivalent extent 

of cytotoxicity compared to free GEM at similar concentration. 

 

 

 

Fig. 6 (a) Cellular viability studies of MIA PaCa-2 treated with increasing GEM concentrations as 

nanocarrier formulation, or as free drug. Biocompatibility studies of bare polymeric nanocarriers on 

(b) MIA PaCa-2 cells and (c) HPNE cell line (N=3 for all assays). (d) Confocal microscopy images 

showing uptake of AF-647-labelled nanocarriers derived from different block copolymers 1 h post 

incubation (left panel) and 4 h post incubation (right panel) in MIA PaCa-2 cell lines. 



 

To ascertain whether the cell death might have been induced by inherent toxicity of the nanoparticle-

forming polymers, we also tested cytotoxicity of bare nanoparticles (no encapsulated GEM) composed 

of copolymer 4-6 on MIA PaCa-2 cell line (Fig. 6b). Various concentrations of each nanocarriers (rang-

ing from 0.06 to 1 mg/mL) were used to treat the cells.  All three nanoparticles, except the one com-

posed of PEG-AZB, did not show significant toxic effect up to 1mg/mL against MIA PaCa-2 cells post 

72 h incubation (Fig. 6b). Biocompatibility of the polymeric materials were tested on a non-cancerous, 

cell line, such as HPNE as control experiment. All drug-free nanoparticle formulations were found to be 

non-toxic within the tested range against non-cancerous cells, indicating excellent biocompatibility of 

the constituent polymers (Fig. 6c). 

Fluorescent dye (Alexa 647) loaded nanocarriers were used to study the uptake and internaliza-

tion in MIA PaCa-2 cells. A time dependent study was conducted to understand the internalization 

mechanism of nanocarriers composed of block copolymers 4-6. We used a 2D culture of MIA PaCa-2 

cells growing in log phase and incubated them with dye-labelled nanocarriers at different time points (1, 

4 and 24 h). Post incubation, the cells were fixed and imaged using confocal microscopy. The images 

revealed that there was a time-dependent uptake of the nanoparticles and the fluorescence intensity of 

the dye increased from 1 h to 4 h (left and right panel of Fig. 6d). However, 24 h time point revealed a 

significant reduction of fluorescent intensity, most likely due to efflux of nanoparticles from cytoplasm 

(Supporting information, Figure S4).  

 

CONCLUSION 

In this manuscript we report the design of a new type of pH-modulator, AZB, which when attached to 

the hydrophobic segment of an amphiphilic block copolymer, can promote assembly of the latter in a 

pH-dependent pattern. To further stabilize the system, we also explored the efficiency of a hydrophobic 

amino acid, Ile, which when connected to the same domain of the polymer, can tamper pH-dependent 

disassembly of the construct. We demonstrated the capacity of these newly designed block copolymers 



 

to form self-assembled nanostructures at physiological pH that collapses under acidic pH conditions. 

Thus, we anticipated that, these block copolymers will be suitable for preparation of pH-sensitive drug 

delivery nanoparticles for pathological conditions, where the target site show extracellular matrix acidi-

fication, such as that happening in many solid tumors. To establish the feasibility, we studied nanoparti-

cle stability in blood plasma, their encapsulation and pH-sensitive release property of an anticancer 

drug, and toxicity against cancer and healthy cells. We observed GEM-loaded nanoparticles composed 

of AZB-appended block copolymers were effective in lowering cancer cell proliferation and showed 

time-dependent intracellular uptake. Drug free nanoparticles were found to be non-toxic to non-

cancerous cell lines. We envision that azo-dye derivative conjugated PEG-b-poly (carbonate) block co-

polymers can bring forward new design principles for synthesizing pH-responsive nanoplatform with 

high content drug encapsulation, and controlled drug release properties.  
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