
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 4
:3

3:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Deciphering the
Department of Biological Sciences and Bioen

IIT Kanpur, Kanpur, Uttar Pradesh, India –

† Electronic supplementary information (E
detail, calculations, additional tables and

Cite this: RSC Adv., 2016, 6, 108545

Received 24th March 2016
Accepted 5th November 2016

DOI: 10.1039/c6ra07699h

www.rsc.org/advances

This journal is © The Royal Society of C
mechanism and structural features
of polysorbate 80 during adsorption on PLGA
nanoparticles by attenuated total reflectance –
Fourier transform infrared spectroscopy†

Abhayraj S. Joshi, Avinash Gahane and Ashwani Kumar Thakur*

Polysorbate 80 coated nanoparticles have been studied extensively for delivery of many bioactive

molecules to the brain for diagnosis and treatment of different neurological disorders. The adsorption

mechanism of polysorbate 80 on nanoparticles is not known due to a lack of suitable techniques for

quantification at low concentrations. Here we report the probable mechanism of polysorbate 80

adsorption on poly-D,L-lactide-co-glycolide (PLGA) nanoparticles using a novel extraction procedure

coupled with a highly sensitive attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

spectroscopic method. Both methods facilitated the characterization and quantification of extracted

surfactant at the nanogram level. Adsorption isotherm modeling reveals that polysorbate 80 follows

a physisorption process (DG ¼ 38 kJ Mol�1) and forms a monolayer on the nanoparticle surface. Thermal

analysis and X-ray photoelectron spectroscopy (XPS) further support polysorbate 80 coating and surface

coverage on PLGA nanoparticles. Real-time ATR-FTIR analysis shows that polysorbate 80 interacts with

nanoparticles through the ester group (–C]O) and acyl chain (–CH2) during the adsorption. The extent

and direction of band shifts in real-time FTIR experiments suggest that the acyl chain of polysorbate 80

micelles loses its ordered structure and becomes flexible with a higher gauche/trans conformer ratio.

Reduction in the degree of hydration of the ester group indicates an increase in hydrophobic

interactions in the presence of PLGA nanoparticles. The results of FTIR analysis states that polysorbate

80 acquires a flat structure on the nanoparticle surface. This study on polysorbate 80 quantification and

adsorption with ATR-FTIR spectroscopy can be extended to other non-ionic surfactants which will

ultimately help in determination of biological fate of surfactant coated nanoparticles under in vivo

conditions.
Introduction

Polysorbate 80, an oleic acid ester of polyethoxylated sorbi-
tan, is a commonly used non-ionic surfactant. Fatty acid
chains (hydrophobic) and ethylene oxide units (hydrophilic)
offer an amphipathic nature to this molecule.1 Like other
surfactants, polysorbate 80 also forms micelles in the
concentration range of 0.0010–0.0015%.2–4 Owing to its
amphipathic nature, polysorbate 80 has been used as a sol-
ubilizer of hydrophobic drugs,5 wetting agent,6 emulsier,7

stabilizer of proteins8 in food, cosmetic and pharmaceutical
industries.1,9 Apart from these roles, it is a potential coating
agent for nanoparticulate formulations that are specically
designed to target the central nervous system (CNS).10 The
gineering, Indian Institute of Technology,
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literature shows that polysorbate 80 coating on nanoparticle
surface improves CNS intake of encapsulated bioactive
molecules and theranostic agents.11–13 Upon intravenous
administration, polysorbate 80 coated nanoparticles adsorb
apolipoprotein E (ApoE) and cross the blood–brain barrier
(BBB) through low density lipoprotein receptors.14–17 The
nanoparticles prepared from poly-D,L-lactide-co-glycolide
(PLGA), a FDA approved biodegradable polymer, have shown
great potential in drug delivery.18 Polysorbate 80 coated PLGA
nanoparticles are in the research phase for delivering drugs
to brain for different neuropathological conditions including
Alzheimer's disease, Huntington's disease, Parkinson's
disease and brain cancer.19–21 However, very few articles show
the quantication of polysorbate 80 adsorbed on the surface
of polymeric nanoparticles.14,22,23

In general, adsorption of a surfactant on nanoparticles is
a fundamental phenomenon and it is governed by different
interactions with nanoparticle surface.24–26 The size and surface
properties of nanoparticles may inuence the amount,
RSC Adv., 2016, 6, 108545–108557 | 108545
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adsorption pattern and the adsorption kinetics of the surfac-
tant. In case of polysorbate 80 coated PLGA nanoparticles,
incomplete adsorption of the surfactant may lead to poor
apolipoprotein adsorption and reduced target specicity.27 It
has been shown that the hydrophilic as well as hydrophobic
parts of non-ionic surfactants are actively involved in interac-
tions with the cells.28 Coating with various non-ionic surfac-
tants from poloxamer and polysorbate families directly
suppress the action of reticuloendothelial system and thus
help in prolonging the circulation time of nanoparticles in
vivo.29 Also, the surfactant coating reduces the uptake by liver
and spleen probably because of reduced non-specic protein
adsorption on nanoparticles.17,29,30 Hence, the quantication
and adsorption of polysorbate 80 is important to design the
nanoparticulate drug delivery system with optimal surfactant
coating needed for reducing the non-specic protein adsorp-
tion, improving brain targeting and prolonging the circulation
time. Moreover, the adsorption mechanism for polysorbate 80
on PLGA nanoparticles has not been determined yet, because
of lack of a sensitive method for quantication. For deter-
mining the concentration of polysorbate 80 in an aqueous
solution, several methods are available. UV-visible spectro-
photometry is the most widely accepted method for quanti-
cation. Fluorescence spectroscopy, liquid chromatography and
gas chromatography are few other methods used for quanti-
cation of polysorbate 80. Recently, Fourier transform infra-red
spectroscopic (FTIR) method has been developed and patented
by Glaxosmithkline Biologicals S.A. (Belgium) for determina-
tion of polysorbate 80 in vaccines and protein solutions.31 UV-
visible, uorimetry and chromatographic methods have limi-
tations with respect to sensitivity and applicability. The FTIR
method can be useful for detection and quantication due to
high specicity, robustness and capability of quantifying
polysorbate 80 at nanogram level. Additionally, ATR-FTIR
method has been previously used for adsorption studies;
however, its applicability in adsorption studies on nano-
particles still remains unexplored.32 The nanoparticles may
interfere with UV and uorimetry based methods due to their
light scattering properties which makes analysis of polysorbate
80 coated nanoparticles cumbersome. Therefore, it seems
essential to extract polysorbate 80 from nanoparticle surface
for the quantication and to understand its adsorption
mechanism.

In this paper, we are reporting a novel and simple solvent
extraction method for the removal of polysorbate 80 coating
from the surface of PLGA nanoparticles. We have used differ-
ential scanning calorimetry (DSC) and X-ray photoelectron
spectroscopy (XPS) to conrm the polysorbate 80 coat on the
surface of PLGA nanoparticles. Aer extraction, we have quan-
tied polysorbate 80 by ATR-FTIR method. We have extended
the use of ATR-FTIR method for the determination of its
adsorption kinetics and its interactions with surface of PLGA
nanoparticles. By performing adsorption isotherm modeling
and adsorption kinetic modeling, the adsorption mechanism is
determined. By using real-time FTIR, we have deduced possible
structural changes that polysorbate 80 undergoes during the
adsorption process.
108546 | RSC Adv., 2016, 6, 108545–108557
Results and discussion

Variety of nanocarrier systems containing various bioactive
molecules have been engineered for the treatment of cancer,
inammatory conditions and genetic disorders.18 In particular,
polysorbate 80 coated polymeric nanoparticles are in the
preclinical phase for the diagnosis and the treatment of various
neuropathological conditions including brain cancer18 and
neurodegenerative diseases.33 The surface modication with
polysorbate 80 is responsible for the interactions of nano-
particles with serum apolipoproteins, apolipoprotein adsorp-
tion, and receptor mediated endocytosis at BBB.11,14,33 Thus,
understanding the mechanistic details underlying the process
of surfactant adsorption can provide insights for predicting the
behavior of nanoparticles in the presence of several intrinsic
and extrinsic cellular players. In previous attempts, estimation
of polysorbate 80 adsorbed on biodegradable nanoparticles was
done using indirect UV-visible spectrophotometric method.
However, adsorption mechanism was not identied. Also, no
extraction procedure is available to remove the adsorbed
amount of polysorbate 80 from PLGA nanoparticles. Therefore,
we designed a protocol for extraction of polysorbate 80 from
PLGA nanoparticles followed by its characterization using
highly sensitive FTIR method. By using our previously opti-
mized protocol of nanoprecipitation, PLGA nanoparticles of less
than 200 nm were prepared. The results obtained from dynamic
light scattering shows uniform size distribution and comply
with our previously reported data.34
Development of ATR-FTIR method for quantication of
polysorbate 80

To quantify polysorbate 80 on nanoparticles, ATR-FTIR method
was used. We rst developed the standard curve of polysorbate
80 using different concentrations (Table S1†). All solutions were
analyzed in liquid (a drop on ZnSe crystal) (Fig. 1) as well as dry
state (a drop of sample air dried on ZnSe crystal) (Fig. S1†). All
concentrations in both the physical states (solid and liquid)
showed IR peaks (Table S2†) with three characteristic bands in
the range of 3000–2800 cm�1, 1770–1720 cm�1 and 1200–1050
cm�1 representing –CH2 (acyl chain of fatty acid), –C]O group
of ester moiety and –C–O group from ethoxy moiety, respectively
(Fig. S2 and S3†).

Among these peaks, the acyl chain peak was selected for the
quantication of polysorbate 80 because of its intense band at
very low concentration. Same band position has been used
previously for adsorption and desorption studies of poly-
(ethylene glycol) monoalkyl ether based nonionic surfactant.35

Due to environmental inuence, FTIR spectroscopic method is
prone to signicant spectral variations for the same sample that
may create error during quantication. Hence, for normaliza-
tion xed concentration (1 mg ml�1) of sodium azide was used.
Sodium azide is a suitable internal standard36 because it has no
interference in the region where polysorbate 80 shows signature
peaks (Fig. S4†).31 It gives a very sharp peak in the region of
2080–1970 cm�1 (in liquid state) and 2195–2095 cm�1 (in dry
state). The change in peak position can be attributed to ionic
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (A) Standard curve for polysorbate 80 by ATR-FTIR method in
liquid state. Stack of primary spectra for (B) acyl chain (–CH2)
stretching vibrations, (C) ester group (–C]O) stretching vibrations and
(D) acyl chain scissoring vibrations. The black arrows in (C) indicate
fusion of peaks.
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interactions and hydrogen bonding of sodium azide in water.37

In solution form, azide ion forms hydrogen bonds with water
molecules. In dry salt form, such interactions are absent.37

Using ratio of peak area of polysorbate 80 to peak area of
sodium azide, normalization was done (calculation SC1†) and
standard curves were plotted as area ratio (AreaAcyl chain/
AreaAzide) versus different amount of polysorbate 80 put on the
ATR crystal (Fig. 1 and S1†).

In the standard curve of polysorbate 80 solutions, linearity
was found within the range of 1.25 ng to 20 ng. Below 1.25 ng,
no detection was observed. On the other hand, for dried poly-
sorbate 80 samples, the linearity range was from 0.3 to 20 ng.
The limit of quantitation (LOQ) is 0.3 ng and the limit of
detection (LOD) is in between 0.3 ng to 0.15 ng. In dry state, the
thickness of polysorbate 80 on ATR crystal decreases and thus
improves the internal reections of IR beam. This ultimately
leads to improvement of IR signal reaching to the detector. The
inverse relationship between IR signal of a sample and its
thickness has been previously reported.38 Thus, the LOD has
lower value for dry polysorbate 80 as compared to polysorbate
80 solution. However, as a result of uneven and uncontrolled air
drying, analysis of dry polysorbate 80 samples suffers with
drawback of high variability in the results irrespective of better
IR signal detection. On the other hand, the analysis of poly-
sorbate 80 in liquid state showed higher reproducibility with
This journal is © The Royal Society of Chemistry 2016
low standard error. The percentage accuracy in analysis of
liquid as well as dry polysorbate 80 samples lies within the
range of 80–120% which is in compliance with the guidelines
for analytical method development39 (Fig. S5†). Hence, all FTIR
analysis was done on liquid polysorbate 80 samples.

Interestingly, in dry state, with increasing concentrations of
polysorbate 80, signicant band shis for –CH2 vibrations were
observed from 2850 to 2866 cm�1 (for symmetric stretching
vibrations) and from 2916 to 2926 cm�1 (for asymmetric
stretching vibrations) (Fig. S1B†). These shis represent the
restriction in uidity of acyl chain that may occur due to
changes in concentration, temperature and solvent.40–43 We
believe that in dry state, polysorbate 80 molecules are sur-
rounded by very little or no water molecules. Thus in relatively
hydrophobic environment, the acyl chain becomes more rigid.
Similar behavior was reported for cetyltrimethylammonium
bromide (CTAB) and cetylpyridinium chloride (CPC) with
respect to change in their concentration in the aqueous solution
as well as their physical form (dry or liquid state).44 In liquid
state, no such shis were observed (Fig. 1B) probably because of
uniformity in acyl chain orientation and uidity. Further, for
dry state, in the region of 1800–1700 cm�1, polysorbate 80 (in
the concentration range of 0.3–2.5 ng) showed a peak at 1726
cm�1 with small shoulder peak at 1740 cm�1 (Fig. S1C†). Above
2.5 ng these two peaks fused to give a single broad peak at 1744
cm�1. These peaks arise due to the stretching vibrations of –C]
O group and indicates degree of its hydration.45 Peak shi from
1726 cm�1 to 1744 cm�1 suggest decrease in hydrogen bonding
because of increase in concentration simultaneously with
reduction in surrounding water molecules. In liquid state, we
observed same fused peaks in all concentrations without any
shi (Fig. 1C). This indicates that –C]O group remains
hydrated suggesting hydrogen bonding between surfactant and
water molecules. Similarly, in dry state, according to scissoring
vibrations of –CH2 chain (1500–1400 cm�1) (Fig. S1D†), two
peaks at 1423 cm�1 and 1470 cm�1 remain distinct in the range
of 0.3 ng to 2.5 ng and fuse above 2.5 ng. These peaks are
indication of mixture of trans and gauche conformers that exist
because of acyl chain rotation of polysorbate 80 molecule.40,43 As
physical state of polysorbate 80 molecule changes, acyl chain
becomes rigid by acquiring ordered structure that is repre-
sented by the fused, broad peak showing maxima at 1440 cm�1

with shoulder peaks at 1423 cm�1 and 1470 cm�1 (Fig. S1D†). In
liquid state, for all concentrations, the peaks at 1479 cm�1 and
1441 cm�1 can be observed (Fig. 1D); however, no fusion was
observed which reiterates the possibility of uniformity of acyl
chain structure in presence of water molecules. To summarize
this, liquid samples showed similar FTIR spectra without any
signicant shis unlike dry samples of polysorbate 80. Hence,
for qualitative and quantitative analysis as well as for real-time
FTIR study, we have used liquid samples of polysorbate 80 for
FTIR analysis.
Synthesis and coating of PLGA nanoparticles

It is reasonable to assume that due to amphipathic nature,
polysorbate 80 adsorbs on the surface of PLGA and other
RSC Adv., 2016, 6, 108545–108557 | 108547
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Fig. 2 Change in (A) particle size (intensity weighted diameter), (B) PDI
with respect to time over the course of adsorption. (C) The amount of
PVA quantified using UV-visible spectrophotometry at each time point.

Fig. 3 DSC thermograms of uncoated and three representative
polysorbate 80 coated PLGA nanoparticle samples.
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biodegradable polymers. But, the adsorption pattern, type of
the adsorption process and adsorption kinetics of polysorbate
80 on PLGA nanoparticles is not well understood. Further, it has
been shown that coating of PLGA nanoparticles with poly-
sorbate 80 can be achieved within 30 minutes to 24
hours.14,17,22,33 Nonetheless, its relation to the adsorption
process is not reported. To deduce this, we selected ten different
concentrations of polysorbate 80 (0.1–30 mg ml�1). The
percentage accuracy data (Fig. S5†) for our method of poly-
sorbate 80 detection, suggests that the method is prone to high
variations towards the low concentrations. Thus, the concen-
tration below 0.1 mg ml�1 was not chosen. The concentration
above 30 mg ml�1 was not taken because the equilibrium phase
reaches before 5 minutes (see the subsequent paragraphs). All
chosen concentrations of polysorbate 80, upon mixing with
nanoparticle suspension, showed the absence of settled nano-
particles and no change in the turbidity. It suggests that the
nanoparticles are stable which was further conrmed with DLS
method (Table S3†). For delivery across BBB, the nanoparticles
containing bioactive molecules and coated with polysorbate 80
should possess size below 200 nm.46 DLS data shows that
nanoprecipitation and coating with polysorbate 80 yielded
nanoparticles with �150 nm size and uniform distribution
(Table S3†). Before coating, the nanoparticles remain stable and
108548 | RSC Adv., 2016, 6, 108545–108557
show no sign of aggregation in aqueous phase owing to the
residual polyvinyl alcohol (PVA) on their surface. No signicant
change was observed in particle size and particle distribution
(PDI) (t-test, P-value > 0.05) during different intervals of poly-
sorbate 80 coating process (Fig. 2A and B). The scanning elec-
tron microscopy images of representative samples showed
spherical shaped nanoparticles with no appreciable change in
surface morphology aer polysorbate 80 coating (Fig. S6†).
Conrmation of polysorbate 80 coating using differential
scanning calorimetry (DSC)

To conrm the coating, DSC analysis was performed on
uncoated PLGA nanoparticles (Fig. 3A–C) and randomly
selected three representative polysorbate 80 coated nano-
particle samples (Fig. 3D–L). In DSC thermogram, all samples
(uncoated and polysorbate 80 coated) showed an endothermic
peak of PLGA polymer at 47� 2 �C (Fig. 3, blue arrows in A, D, G,
J). This is glass transition temperature of PLGA and our results
meet the criterion as per specications (Tg¼ 42–47 �C) provided
by the polymer manufacturer. Further, among selected coated
nanoparticle samples, a multiple small peaks in the range of
64–68 �C were observed (Fig. 3, black arrows in H and K) which
represent melting of polyethylene oxide (PEO) chains of poly-
sorbate 80. Another peak was observed at 126 � 2 �C in all
concentrations (Fig. 3, red arrows in F, I, L) that represents the
ash point of polysorbate 80.47,48 Multiples peaks in the range of
64–68 �C and 125–135 �C conrm presence of polysorbate 80 on
PLGA nanoparticles.
Extraction of polysorbate 80 from PLGA nanoparticles

To quantify polysorbate 80 on PLGA nanoparticles, different
strategies were tried. UV-visible spectrophotometric method
was tested, but due to the interference from PLGA and PVA
during the assay, it was not employed. Alternatively, FTIR
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Spectral comparison of polysorbate 80 after extraction from
nanoparticles with standard solution in the regions of stretching
vibrations of acyl chain (A), stretching vibrations of ester group (B) and
scissoring vibrations of acyl chain (C).
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analysis of polysorbate 80 coated nanoparticles was performed
to observe the IR signatures of polysorbate 80 in primary
absorption and second derivative spectra. PLGA showed inter-
fering peaks in the region of acyl chain –CH2 band (Fig. S7†) of
polysorbate 80. To resolve these problems, an extraction
strategy was applied to separate polysorbate 80 from the
nanoparticles. First, ethanol was used for the extraction.49,50

But, it led to the removal of PVA along with polysorbate 80, the
interference of which was conrmed by FTIR (data not shown).

Consequently, we developed a new method of extraction
based on sequential dissolution, precipitation and centrifuga-
tion steps (Scheme 1). The hydrophobic PLGA polymer is
soluble in various organic solvents like acetone, acetonitrile,
dimethylformamide in which PVA remains insoluble.34,51,52

Taking advantage of differential solubility of two polymeric
phases, PVA and PLGA were separated in subsequent steps as
described in Scheme 1. At the end, the surfactant present in
aqueous solution was analyzed with FTIR. Qualitatively, the
identity of surfactant was assessed by comparing the IR spec-
trum of extracted polysorbate 80 with that of standard solution
(Fig. 4). Use of different solvents and multiple centrifugation
steps may degrade PLGA to lactic acid and glycolic acid. From
the FTIR spectral comparison between extracted polysorbate 80,
lactic acid and glycolic acid, this possibility was ruled out
(Fig. 4, 5 and S4†). Complete separation of residual PVA was
conrmed by UV spectrophotometry method53 and FTIR
method. Signicant difference was not obtained in PVA amount
extracted from both coated and uncoated nanoparticles by UV
spectrophotometric method (Fig. 2C). The IR spectrum of
extracted polysorbate 80 was also devoid of PVA and PLGA peaks
(Fig. 4, 5 and S4†).

Adsorption kinetics of polysorbate 80 on PLGA nanoparticles

To determine the kinetics of polysorbate 80 adsorption, PLGA
nanoparticles were incubated with polysorbate 80 solution for 4
hours. Samples were collected at different time points, washed
and polysorbate 80 was extracted to analyze by FTIR method for
quantication. As stated previously, FTIR analysis of liquid
Scheme 1 The process of extraction of polysorbate 80 from the
nanoparticle surface. (A) Suspension of the coated nanoparticles
collected at respective time points, (B) centrifugation steps to remove
excess polysorbate 80 and to get pellet of washed nanoparticles, (C)
dried pellet after removal of the supernatant, (D) addition of acetoni-
trile to dissolve the pellet. PVA precipitates out which can be removed
out by centrifugation (small test tube), (E) clear supernatant containing
PLGA and polysorbate 80 in acetonitrile, (F) evaporation of acetonitrile
using vacuum desiccator, (G) PLGA and polysorbate 80 remained on
the wall of test tube, (H) addition of water in which polysorbate 80 was
solubilized but PLGA remains at the bottom of test tube. Finally
ultracentrifugation at high speed to settle down PLGA precipitate, (I)
clear aqueous supernatant containing polysorbate 80 and internal
standard for FTIR analysis.

This journal is © The Royal Society of Chemistry 2016
samples yielded highly reproducible data with low standard
error. Thus, for further analysis and calculations, we used the
standard curve that was prepared aer analyzing standard
polysorbate 80 solutions in liquid state. Polysorbate 80 extrac-
ted from coated nanoparticles show acyl chain peak without any
peak of PLGA and PVA, suggesting the accuracy of the extraction
process (Fig. 4, 5 and S4†). The ratios of areas (AreaAcyl chain/
AreaAzide) were tted in the standard curve (Fig. 1A) to calculate
the adsorbed amount of polysorbate 80. The amount obtained
(Table S4†) was plotted against time to get the adsorption
kinetic prole (Fig. 6A–J). The prole shows adsorption phase
followed by an equilibration phase for concentration range
within 0.1–5 mg ml�1. To identify the transition between
adsorption and equilibration phases, t-test was used between
Fig. 5 Acyl chain (–CH2) bands used for quantifying the extracted
surfactant at each time point of the experiment started with 0.1 mg
ml�1 (B), 0.3 mg ml�1 (C), 0.5 mg ml�1 (D), 1 mg ml�1 (E), 3 mg ml�1 (F),
5 mg ml�1 (G), 7.5 mg ml�1 (H), 10 mg ml�1 (I), 20 mg ml�1 (J) and
30 mg ml�1 (K) polysorbate 80. Control group (uncoated samples)
show no bands in same region (A).

RSC Adv., 2016, 6, 108545–108557 | 108549
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Fig. 6 Adsorption kinetics of polysorbate 80 by ATR-method at the starting concentrations of 0.1–30mgml�1. The points indicate average value
of adsorbed amount (mg mg�1) at each time point with standard deviation (n¼ 3) [note – all the lines were drawn using spline function as a guide
for reader's eye to show the adsorption trend. The line does not necessarily represent actual average trend among repetitions of the experiment].
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consecutive time points of adsorption kinetics. For higher
concentrations (7.5–30 mg ml�1), the exponential adsorption
phase was masked because, as the starting concentration of
polysorbate 80 increases, number of surfactant molecules in the
vicinity of PLGA nanoparticles surface also increases. Under
higher concentration gradient, it is possible that polysorbate 80
molecules move with higher rate of diffusion from bulk to
nanoparticle surface.54 Thus the adsorption equilibrium time
shis towards lower values yielding inverse relationship with
the starting concentration of polysorbate 80 (Fig. 7B).
108550 | RSC Adv., 2016, 6, 108545–108557
Adsorption isotherm modeling

To determine the adsorption mechanism, Langmuir, Freund-
lich, Temkin and Flory–Huggins models were used55,56 (Fig. 7C–
F). For all the concentrations, Langmuir model shows best t
with highest r2 value (0.95) (Fig. 7C) (Table S5†). It indicates
that, polysorbate 80 forms the monolayer on the surface of
PLGA nanoparticles. Also, the graph of Qe versus Ce (Fig. 7A)
shows exponential rise at very low concentrations reaching to
plateau phase which is classical feature of Langmuir adsorption
process.57 Further, the value of separation factor (RL) calculated
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Adsorption isotherm modeling: the adsorbed amount of polysorbate 80 (mg) per 1 mg of PLGA nanoparticles (A) showing exponential
adsorption phase and saturation phase (A, inset) for selected concentrations of polysorbate 80. The time of adsorption equilibrium shows inverse
relation to the starting concentration of polysorbate 80 (B). The adsorption data fitted in Langmuir model (C), Freundlich model (D), Temkin
model (E) and Flory–Huggins model (F).
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from this isotherm indicates that the surfactant follows ‘favor-
able adsorption process’ within given concentration range
(calculation SC2 and Table S5†). The adsorption data at low
concentrations showed fairly good t to Flory–Huggins model
(r2 ¼ 0.91) (Fig. 7F) suggesting existence of intermolecular
interactions55,58 between PLGA nanoparticles and polysorbate
80 molecules. Interestingly, the heat of adsorption (DG) ob-
tained from this model (38 kJ Mol�1) suggests that the
adsorption process is physisorption (Table S5†). Our data shows
poor t to Temkin model (Fig. 7E) suggesting absence of
repulsive interactions and heterogeneity in adsorption
process.56 Monolayer formation by polysorbate 80 was further
conrmed by the least t of Freundlich model (Fig. 7D). Overall
analysis hints that polysorbate 80 adsorption leads to the
monolayer formation by establishing non-covalent interactions
with the nanoparticle surface. The adsorbed amount on nano-
particles for the concentrations above 0.3 mg ml�1 remains
statistically same (10 � 1 mg mg�1) (t-test, P-value > 0.05) sug-
gesting the saturation of nanoparticle surface (Fig. 7A).
Adsorption kinetic modeling

The adsorption kinetic proles obtained from different starting
concentrations of polysorbate 80 were analyzed for under-
standing the adsorption process and to support the conclusions
drawn from isotherm modeling.59 Adsorption kinetic models
describe the process of transfer of molecules from bulk solution
to the solid surface. These models are classied into two cate-
gories – adsorption reaction models and adsorption diffusion
This journal is © The Royal Society of Chemistry 2016
models, each describing a different kinetic process.59 Among
adsorption reaction models, we used Elovich model as the
negative control, which originally describes chemisorption
process, and found that it does not t (r2 values ranging from
0.11–0.73) (Fig. S8†) to the adsorption kinetics data. This vali-
dates the physisorption of polysorbate 80 on PLGA nanoparticles.

Further, from adsorption diffusion models, we used Weber–
Morris model (Fig. S9†) which showed multi-linear adsorption
kinetic proles. Among selected concentration range of polysorbate
80, for lower concentrations (0.1–0.5 mg ml�1), we observed three
linear regions in adsorption kinetics. On the other hand, rest all
adsorption kinetics data showed only two linear regions (r2 values
ranging from 0.90–0.97). This hints towards possibility ofmultistep
adsorption process of polysorbate 80 molecules.

The inverse relation of time with adsorption equilibrium can
be further supported by absence of multiple linear regions in
kinetics data at higher concentrations. Fast movement of
polysorbate 80 molecules from bulk towards nanoparticles
limits us to capture exact kinetics and masks probable linear
regions (if there are any). We propose that, a highly time
sensitive technique which is capable of capturing real time data
in micro/nanoseconds could possibly reveal exact linear regions
in polysorbate 80 adsorption process.

From our observations of adsorption kinetic modeling, we
speculate that polysorbate 80 adsorption is a multistep process
comprised of initial diffusion from bulk to nanoparticle surface,
diffusion through boundary layer, establishing interactions
with PLGA surface and nally adsorption on nanoparticle
surface59 (please see method SM5b† for detail description).
RSC Adv., 2016, 6, 108545–108557 | 108551

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra07699h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 4
:3

3:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
X-ray photoelectron spectroscopy (XPS) for surface
characterization

XPS analysis provides a good measure for determination of
presence and/or conformation of molecules adsorbed on
a surface.60–62 In our experiments, broad scans of the lyophilized
uncoated and polysorbate 80 coated nanoparticles showed
presence of carbon (C, 1s) and oxygen (O, 1s) elements in all
samples.

Narrow scans for carbon element of uncoated and poly-
sorbate 80 coated nanoparticles showed ensemble of 3 merged
peaks in the range of 282–292 eV (Fig. S10,† part A and B). For all
the samples four carbon functionalities were xed for decon-
volution as showed in Table S8.† Using binding energies (BE)
associated with these functionalities, peak tting was carried
out (Fig. S10,† part A and B). In order to assess correctness of
peak tting, chi-square value and Abbe parameter were used.
Chi-square value represents correlation between experimental
data and tted data. On the other hand, Abbe parameter
dictates the distribution of residuals of t. More accurate peak
tting is characterized by lower chi-square value. Abbe param-
eter takes value of 0 (poor t, poorly distributed residuals) or 1
(good t, statistically well distributed residuals) or 2 (poor t,
anti-correlated and oppositely distributed residuals). From the
results of peak tting experiment, chi-square value and Abbe
parameter were found to be in the range of 2� 0.3 and 0.7� 0.1
respectively. Lower chi-square values and Abbe parameter close
to unity conrmed correct peak tting.

Further, binding energies of respective tted peaks were
plotted against starting concentration of polysorbate 80 and no
shi was observed in any peak (Fig. S10,† part B, panel D). Shi
in BE of a peak in XPS spectra denotes change in oxidation state
of an element. Such shis can be observed due to change in
surrounding chemical environment and/or covalent bonding.63

However, no BE shi in XPS spectra conrmed absence of any
chemical reaction and/or oxidation in adsorption process. This
further affirms physisorption process of polysorbate 80 on PLGA
nanoparticles. Deconvolution also yielded probable atomic%
values of 4 functionalities. From the plot of atomic% versus
polysorbate concentration, it can be concluded that the
carbon% (BE ¼ 284 eV) increased from �35% to �45% because
of coating (Fig. S10,† part B, panel E). As compared to uncoated
nanoparticles, the –C]O% (ethoxy and ester group of poly-
sorbate 80, BE ¼ 286 eV) increased signicantly. Similarly
–COOH% (carbon of carboxylic group, BE ¼ 288 eV) decreased.
Both these observations suggest masking of lactide and glyco-
lide groups and/or their possible engagement in non-covalent
interactions with polysorbate 80 molecules. Overall XPS anal-
ysis conrms surface coverage and physisorption by polysorbate
80 molecules.
Real-time ATR-FTIR analysis of polysorbate 80 adsorption on
PLGA nanoparticles

FTIR has also been used for determination of the conforma-
tional changes in various molecules like non-ionic surfactants,
ionic surfactants, amphiphilic lipids which contain hydrophilic
and hydrophobic moieties.40–43,45,64,65 These molecules change
108552 | RSC Adv., 2016, 6, 108545–108557
their conformation depending on various factors like temper-
ature, concentration and the presence of other molecules in the
vicinity. Considering three results of our experiments; (i)
occurrence of band shis due to concentration dependent acyl
chain uidity in dry state (Fig. S1B–D†), (ii) changes in overall
spectra depending on physical state of polysorbate 80 molecule
(either dry or liquid state) and (iii) existence of polysorbate 80-
PLGA interactions (Flory–Huggins model, Fig. 7F), we hypoth-
esized that, polysorbate 80 may show some changes in FTIR
spectra in the presence of PLGA nanoparticles. Interestingly,
aer mixing polysorbate 80 solution with PLGA nanoparticle
suspension on ZnSe crystal and real-time monitoring of this
mixture, we observed signicant band shis for both hydro-
philic (ester group) as well as hydrophobic (acyl chain of oleic
acid) parts of polysorbate 80 (Fig. 8i, ii and S11†). In general,
acyl chain packing in the lipids and lipid containing surfactants
has been categorized based on three dimensional arrangement
of –CH2 groups in three different classes namely; orthorhombic
perpendicular, triclinic parallel and hexagonal packing. Ortho-
rhombic perpendicular and triclinic parallel classes represent
highly ordered and tightly packed acyl chain structure whereas,
hexagonal packing shows disordered structure with more
mobility and exibility.40,66,67 These three classes show the
signature bands in FTIR spectra.40 In our experiments, poly-
sorbate 80 showed signicant shi in symmetric stretching
vibrations of acyl chain (from 2871 cm�1 to 2880 cm�1) (Fig. 8i
and ii, panel A–D). Shi towards higher wavenumber in this
band indicates that the structure becomes more exible and
disordered.40,43 As stated earlier, similar shi was observed in
symmetric stretching vibration in different concentrations of
polysorbate 80 when analyzed in dry state (Fig. S1B†). But, the
magnitude of band shi in presence of PLGA nanoparticles (�9
cm�1) is lesser as compared to that observed in different
concentrations (�8–16 cm�1). We speculate that different ratios
of trans and gauche conformers are responsible for this change
and it can be further explained by scissoring vibrations of the
acyl chain.45 In presence of PLGA nanoparticles, the scissoring
vibrations occur in the region of 1500–1400 cm�1 with the band
shi towards lower wavenumber (from 1480 cm�1 to 1466 cm�1)
(Fig. 8i and ii, panel I–L). It suggests that the acyl chain changes
its ordered conformation to highly exible hexagonal confor-
mation with higher gauche/trans ratio.41 The ester group (–C]O)
of polysorbate 80 and its hydrogen bonding with neighboring
molecules can be detected in the region of 1800–1700 cm�1. We
observed signicant shi in this band (from 1728 cm�1 to 1740
cm�1) (Fig. 8i and ii, panel E–H) suggesting direct interaction of
this group with PLGA nanoparticle surface. Shi towards higher
wavenumber indicates decrease in hydration of ester group.45

Interestingly, at lower concentrations of polysorbate 80 (0.5 and
1 mg ml�1), shis were observed only in stretching and scis-
soring vibrations of acyl chain but not in vibrations of ester
group (Fig. S11†). It suggests sensitivity of acyl chain towards
PLGA nanoparticles surface during adsorption. From all these
results, we speculate that as polysorbate 80 molecule
approaches PLGA nanoparticle surface, the hydrophobic inter-
actions dominates hydrogen bonding, leading to the adsorption
and the monolayer formation.
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (i) Real-time FTIR data obtained for polysorbate 80 in presence of PLGA nanoparticles shows shifts in stretching vibrations of acyl chain
(A–D), ester –C]O group stretching vibrations (E–H), and scissoring vibrations of acyl chain (I–L). Each graph in 1st, 2nd, 3rd and 4th column
represents experiment started with 0.5 mg ml�1, 1 mg ml�1, 3 mg ml�1 and 5 mg ml�1, respectively. (ii) Real-time FTIR data obtained for
polysorbate 80 in presence of PLGA nanoparticles shows shifts in stretching vibrations of acyl chain (A–D), ester –C]O group stretching
vibrations (E–H), and scissoring vibrations of acyl chain (I–L). Each graph in 1st, 2nd, 3rd and 4th column represents experiment started with 7.5 mg
ml�1, 10 mg ml�1, 20 mg ml�1 and 30 mg ml�1, respectively.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 108545–108557 | 108553
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On the other hand, polysorbate 80 alone (in absence of
nanoparticles) shows no band shis in acyl chain stretching
vibrations (Fig. S12,† part A and B). In second derivative IR
spectra, the band minima for these vibrations lie towards lower
wavenumbers indicating ordered structure of acyl chain
(Fig. S12,† part A and B, panel A–D). Further, no band shi was
observed in the region of 1500–1400 cm�1 (Fig. S12,† part A and
B, panel I–L). Ester group shows band at�1728 cm�1 (Fig. S12,†
part A and B, panel E–H) suggesting increased hydration of
polysorbate 80 molecule which is exactly opposite to its state in
presence of PLGA nanoparticles. Overall, we conclude that
polysorbate 80 loses its ordered structure, acquires highly ex-
ible structure and decreases hydrogen bonding in the presence
of PLGA nanoparticles during adsorption process. In presence
of PLGA nanoparticles, at high concentration of polysorbate 80
(20 mg ml�1 and 30 mg ml�1) signicant shis were not
observed because high number of stable micelles in the
surrounding medium may suppress noticeable conformational
change. Also, the resolution (4 cm�1) in our FITR experiments
limits the detector to differentiate minor shis in signature
bands (<4 cm�1). Previously, using ellipsometry, it has been
shown that on the hydrophobic surface of octadecyltriethox-
ysilane (OTE) polysorbate 80 forms a layer of 2 nm thickness.
They attributed presence of one unsaturated double bond (in
oleic acid moiety) to such peculiar behavior. They proposed that
due to unsaturation and geometrical restriction, the molecule
acquires the conformation parallel to the surface and lies at on
the surface.68 According to the results of our FTIR experiments,
polysorbate 80 forms the monolayer with the involvement of
hydrophobic and hydrophilic parts during adsorption on PLGA
nanoparticles. While adsorption, it assumes exible and
disordered structure. Additionally, DLS results show no signif-
icant change in particle size aer adsorption. Therefore, we
speculate that polysorbate 80 may acquire at structure on
PLGA nanoparticle surface.

Conclusion

To summarize, we have synthesized polysorbate 80 coated PLGA
nanoparticles and the coating was conrmed using ATR-FTIR,
DSC and XPS methods. Further, we have developed a novel
solvent extraction method for the retrieval of polysorbate 80
from nanoparticle surface and conrmed its complete extrac-
tion by ATR-FTIR method. We ensured no interference of other
polymeric phases and conrmed the specicity of extraction
method. Further, the kinetic prole of its adsorption on PLGA
nanoparticles was determined using ATR-FTIR. The adsorption
isotherm modeling suggests that polysorbate 80 follows phys-
ical adsorption process leading to the monolayer formation and
develops interactions with PLGA nanoparticles under the given
set of experimental conditions. Using adsorption kinetic
models, we speculate that, polysorbate 80 molecules diffuse
from bulk liquid towards nanoparticle surface and during
equilibrium phase the nanoparticle surface becomes saturated
with the surfactant. The time required for the adsorption
equilibration is inversely proportional to the initial concentra-
tion of surfactant. At equilibration, 10 � 1 mg polysorbate 80
108554 | RSC Adv., 2016, 6, 108545–108557
gets adsorbed on unit mg of PLGA nanoparticles. The adsorp-
tion process has no signicant impact on size, distribution and
stability of nanoparticles. Using real-time FTIR, we conrmed
the involvement of acyl chain (–CH2) and ester group (–C]O) in
the interactions of polysorbate 80 with PLGA nanoparticles.
Real-time FTIR enabled us to deduce possible structural
changes that polysorbate 80 underwent during initial phase of
adsorption process. During adsorption, acyl chain acquires
highly exible structure and the hydration level of ester group
decreases suggesting possibility of increased hydrophobic
interactions. Thus by judging FTIR and DLS results, we propose
that polysorbate 80 acquires at structure on nanoparticle
surface. Understanding such mechanistic details of adsorption
of a surfactant on the nanoparticle surface is important in the
eld of nanomedicine, advanced drug delivery systems and
pharmacology. It can be useful for studying nanoparticle
interactions with key cellular players, for example, protein–
nanoparticle interactions, which ultimately decide their in vivo
fate. Studying the mechanistic details of adsorption and quan-
tication of polysorbate 80 will be helpful in designing the
optimized drug delivery system with specic organ targeting
and improved biological half-life.
Experimental
Materials

PLGA 50 : 50 (acid terminated, avg. mol. wt 7000–16 000),
poly(vinyl) alcohol (PVA; mol. wt 30 000–70 000 Da, 87–90%
hydrolyzed), potassium iodide were purchased from Sigma-
Aldrich, Delhi, India. Acetonitrile, dimethyl sulfoxide (DMSO)
and iodine (resublimed) were procured from Merck, Mumbai,
India. Polysorbate 80 (polyoxyethylene sorbitan mono-oleate or
Tween-80®), sodium azide and boric acid were obtained from
HiMedia laboratories, Mumbai, India. For all experiments, the
water obtained from MilliQ system (Millipore unit, 18.2
Mohm cm at 25 �C) was used.
Methods

Preparation of nanoparticles. The nanoparticles were
prepared with our previously optimized nanoprecipitation
protocol.34 Briey, 15 mg PLGA was dissolved in 1 ml DMSO and
introduced in 10 ml of 30 mg ml�1 PVA solution with the ow
rate of 120 ml h�1 under moderate stirring conditions. Evapo-
ration was carried out for 2 hours using rotary vacuum evapo-
rator to remove DMSO. The nanoparticles were subjected to
ultracentrifugation at 90 000g for 1 hour (Sorvall micro-
ultracentrifuge, Thermo Scientic Ltd., Rotor S-55-S) to remove
excess PVA. The nanoparticles were washed once, resuspended
in 4 ml water and used for further experiments.

Preparation of 200 mg ml�1 polysorbate 80 solution. The
primary stock solution (200 mg ml�1) was prepared by mixing
2 g of polysorbate 80 with 10 ml water. Aer mixing thoroughly,
this solution was ltered through 0.2 m MDI PVDF syringe lter
(25 mm diameter, Advanced Microdevices Pvt. Ltd., Ambala
cantt., India) to remove unwanted particulate matter, if present
any. Filtered solution was then stored at 4–8 �C for not more
This journal is © The Royal Society of Chemistry 2016
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than two weeks. The stock solution was diluted with water as
and when required for the experiments.

Preparation of polysorbate 80 standard curve. The secondary
stock (0.5 mg ml�1) of polysorbate 80 solution was prepared by
mixing 5 ml of primary stock with water to the nal volume of
2000 ml. Using this solution, several dilutions were prepared as
given in Table S1† [note – stirring or vortexing polysorbate 80
solution may create froth which can be removed by centrifu-
gation at 6500g for 5minutes (Tarson Spinwin)]. To 50 ml of each
dilution, 1 ml of sodium azide solution (1 mgml�1) was added as
an internal standard. Aer mixing thoroughly, 1 ml of each
dilution was analyzed in liquid (a drop on ATR crystal) as well as
dry state (a drop dried on ATR crystal) with ATR-FTIR by xing
measurement parameters as given in Table S6.† The area of acyl
chain peak and azide peak were calculated (see data treatment)
and the calibration curve was plotted as the ratio of areas (acyl
peak area/azide peak area) against amount of polysorbate 80 in
1 ml sample that was put on ATR crystal.

Surfactant coating protocol. 1 ml nanoparticle suspension
(equivalent to 2.4 mg PLGA nanoparticles) was used for each
coating experiment. The addition of primary and secondary
stock of polysorbate 80 (200 mg ml�1 and 50 mg ml�1 respec-
tively), water and nanoparticle suspension was carried out
according to Table S7.† The time of mixing of nanoparticle
suspension with polysorbate 80 was considered as 0 min. The
mixture was kept for continuous and gentle mixing.

Determination of size, zeta potential and polydispersity
index (PDI) of uncoated and polysorbate 80 coated nano-
particles using dynamic light scattering (DLS). See method
SM1.†

Differential scanning calorimetry (DSC) of uncoated and
polysorbate 80 coated nanoparticles. DSC study was carried out
on lyophilized samples of uncoated (control) and three
randomly selected polysorbate 80 coated PLGA nanoparticle
samples (0.5, 7.5 and 30 mg ml�1). Briey, 2–4.5 mg lyophilized
powder was placed in an aluminum pan. Empty aluminum pan
was used as reference. The sample pan and reference pan were
heated at constant rate of 10 �C min�1 within the temperature
range of 10–250 �C (Simultaneous Thermal Analyzer (STA) 8000,
Perkin Elmer, USA). Nitrogen gas was used for continuous
purging (ow rate ¼ 20 ml min�1) throughout the experiment.
The data obtained was treated for baseline correction using
Origin Pro (64 bit, Sr3, b275, OriginLab Corporation, North-
ampton, MA01060, USA).

Surfactant extraction protocol. For the extraction of surfac-
tant from nanoparticles, 150 ml sample was withdrawn from
coating mixture at 5 min, 10 min, 20 min, 30 min, 60 min,
120 min and 240 min and subjected to centrifugation (Sorvall
microultracentrifuge, Thermo Scientic Ltd., Rotor S80-AT2) for
4 minutes. Supernatant containing excess surfactant was
removed and pellet was washed once with 150 ml water (Scheme
1, step A and B). Using UV-visible spectrophotometry, we have
conrmed that single washing step removes loosely bound
polysorbate 80 completely. Also, multiple washing steps lead to
destabilization of nanoparticles because of removal of residual
PVA which was conrmed by zeta potential measurement (data
not shown). Aer second cycle of centrifugation, washed
This journal is © The Royal Society of Chemistry 2016
nanoparticles were collected and dried under vacuum (Scheme
1, step C). Then dried pellet was dissolved in 150 ml of aceto-
nitrile. Addition of acetonitrile leads to precipitation of residual
PVA which was separated with another cycle of centrifugation
(Scheme 1, step D) [note – PVA at lower concentrations gets
precipitated in the form of transparent lm which can only be
visualized by shaking the solution]. The centrifugation was
done at 25 �C and 25 000g during all these steps. Acetonitrile,
which contains PLGA polymer and polysorbate 80 was then
evaporated using vacuum desiccator for about 2 hours (Scheme
1, steps E–G). Aer drying 150 ml water was added to dissolve
polysorbate 80. PLGA remains insoluble and can be observed in
the form of white particles at the bottom of tube. PLGA was then
separated by ultracentrifugation at 150 000g for 2 hours (Sorvall
microultracentrifuge, Thermo Scientic Ltd., Rotor S80-AT2)
(Scheme 1, step H). Ultracentrifugation step is necessary
because very minute amount of PLGA, if present any, will create
sharp interfering FTIR signal. To 50 ml of clear supernatant, 1 ml
internal standard (1 mg ml�1 sodium azide) was added and
FTIR analysis was performed to characterize polysorbate 80
(Scheme 1, step I).

FTIR analysis. See method SM2.†
Data treatment using Opus soware. The data le of each

FTIR spectrum was opened in Opus soware (Build 7.2, Bruker
Optik GmBH, Ettlingen, Germany). Data was smoothened with
17 smoothening points. Then, baseline was corrected using
sixty four point format using ‘Rubber band baseline correction’
method.69 Peak areas were calculated for internal standard
(sodium azide) and CH2 peak in the region of 2080–1970 cm�1

and 3000–2800 cm�1, using peak integration function of Opus
soware. To normalize the data, area ratios (AreaAcyl chain/
AreaAzide) were used for all experiments.

For the data les obtained from real-time FTIR analysis
(repeated measurement mode), smoothening and baseline
correction was done as mentioned above. Aer baseline
correction, second derivative was calculated using Origin Pro
soware (64 bit, Sr3, b275, OriginLab Corporation, North-
ampton, MA01060, USA) and presented in stacking format to
highlight the band shiing.

X-ray photoelectron spectroscopy (XPS) for surface charac-
terization. See method SM3.†

Determination of amount of PVA by UV-visible spectropho-
tometric method. See method SM4.†

Adsorption isotherm modeling and adsorption kinetic
modeling. See method SM5a and SM5b.†

Statistical analysis. See method SM6.†
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