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Nanoscale Partitioning of Paclitaxel in Hybrid Lipid-Polymer 
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†,c
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*,c

 and Andrea Centrone
 *, a 

Paclitaxel is a powerful drug against restenosis and many forms of cancer. However, its clinical application hinges on the 

ability to achieve suitable stabilized drug concentrations in an aqueous suspension while hindering drug crystallization. To 

engineer such formulations, it is imperative to understand paclitaxel’s partitioning and crystallization within the carrier 

matrix. Lipid-polymer hybrid films have been recently shown to accommodate large paclitaxel loads and suppress 

crystallization. Additionally, such hybrid materials promote synergistic drug release compared to the pure constituents. 

Here, we leverage the composition sensitive photo-thermal induced resonance (PTIR) technique to study paclitaxel 

partitioning within hybrid films at the nanoscale. PTIR data reveal that paclitaxel nano-crystals segregate from lipid-only 

films but are well dispersed in polymer-only films. Remarkably, lipid-polymer hybrid films show enhanced partitioning of 

paclitaxel at the lipid-polymer phase boundaries, but still stifle crystallization, thus paving the way towards compositional 

and microstructural engineering of small-drug delivery systems.

Introduction 

Paclitaxel is an effective chemotherapeutic agent against a 

broad range of cancers1–3and is used in drug eluting stents 

against restenosis.4 However, paclitaxel’s low solubility and 

tendency to crystallize in aqueous enviornments5,6 has 

hampered its efficacious clinical use. Traditional methods to 

formulate paclitaxel based on ethanol and polyoxyethylated 

triglycerides can cause severe inflammatory responses,6,7 

motivating the development of alternative formulations. A 

promising strategy is to encapsulate paclitaxel in drug carriers 

such as polymer or lipid membranes.8,9 Drug carriers provide 

satisfactory solutions to the poor aqueous solubility, however 

paclitaxel still tends to crystallize and often segregates out of 

these membranes.9,10 Exploiting paclitaxel’s full potential 

remains an enduring challenge which requires engineering 

carriers that concurrently provide control over drug loading 

and suppress crystallization. The hybridization of lipids and 

polymers within a single membrane by self-assembly has 

enabled the emergence of new materials. Hybrid membranes 

combine benefits of lipids and polymers while having unique 

structural and dynamical properties making them very 

promising for sensing and small-molecule delivery 

applications.
11–14

 For example, lipid-polymer hybrid 

membranes composed of 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC, Fig. 1a) and poly(butadiene-b-ethylene 

oxide) block polymer (PBD-b-PEO, Fig. 1a) have shown 

potential as superior paclitaxel delivery media.
15

 Notably, at 

parity of initial drug loading, the hybrid membranes 

microstructure effectively suppresses paclitaxel crystallization 

and synergistically augments the release of paclitaxel (Fig. 1a) 

with respect to single component films (see schematic in Fig. 

1b).
15

 X-ray scattering, and atomic force microscopy (AFM) 

showed respectively that the DPPC/PBD-b-PEO films self-

assemble into domains with chemically affine layers stacked 

perpendicular to the substrate (Fig. 1c),
15

 with heterogeneities 

spanning from the micro- to the nano-scale and an abundance 

of interfacial regions (Fig. 1d). Since the polymer-rich, lipid-rich 

and the interfacial regions, have typically unknown 

compositions, and because their microstructure and properties 

can be altered by paclitaxel incorporation, film engineering 

requires methods capable of assessing their structure and 

chemical composition with high spatial resolution and 

specificity. 

The photothermal induced resonance (PTIR) technique,
16,17

 

also known as AFM-IR, combines the spatial resolution of AFM 

with the chemical specificity of infrared (IR) spectroscopy. 

Amongst nanoscale chemical imaging methods,
16,18

 PTIR 

stands out because (a) its signal’s proportionality to the 

sample’s local absorption coefficient
19,20

enables material 

identification,
17 

and (b) it probes the composition of up to a 

few µm of the sample thickness,
20,21

 rather than merely of the 

top layer.
16,18

 Initial PTIR experiments (in contact-mode) 

suggested that the increased paclitaxel release from 

DPPC/PBD-b-PEO hybrid membranes may be related to the 
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higher paclitaxel concentration along the phase boundaries of 

lipid-rich and polymer-rich domains.
21

 However, the strong 

adhesion between the AFM tip and the single component films 

previously precluded a direct comparison between hybrid and 

single component films. Furthermore, the strong IR spectral 

overlap between DPPC and PBD-b-PEO has hindered the 

assessment of their intermixing.  

Here, we leverage the novel capability to acquire PTIR 

images in tapping-mode, to study DPPC/PBD-b-PEO hybrid and 

single component films loaded with paclitaxel. The data reveal 

paclitaxel partitioning details in both hybrid and single 

component films with unprecedented resolution. Importantly, 

selective lipid deuteration enables assessing the width of the 

phase boundaries as well as the quantification of the lipid 

content (< 5 % molar fraction) within the polymer-rich 

domains in hybrid films. 

Results and discussion 

 

 

Fig. 1 (a) Chemical structures of: (I) 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) lipid; the red bonds identify the 

deuterium substituted positions on the partially deuterated 

DPPC (d-DPPC), (II) poly(butadiene-b-ethylene oxide) block 

polymer (PBD-b-PEO) and (III) Paclitaxel. (b) Schematic of the 

paclitaxel cumulative release profiles from DPPC/PBD-b-PEO 

hybrid (blue), PBD-b-PEO (green), and DPPC (red) at parity 

initial paclitaxel load.15 (c) Schematic of the multi-layered 

DPPC/PBD-b-PEO hybrid films on solid substrate, depicting the 

self-assembled chemically-affine domains and domain 

boundaries perpendicular to the substrate. (d) Representative 

AFM phase image depicting drug-loaded DPPC/PBD-b-PEO 

hybrid films heterogeneity (phase separation). (e) PTIR 

Schematic: a pulsed tunable IR laser (blue) illuminates the 

portion of the sample centered around the gold-coated AFM 

probe. Light absorption in the sample induces local thermal 

expansion. The AFM cantilever transduces the expansion of 

the sample and provides nanoscale resolution. (f) In contact-

mode PTIR experiments (i.e. spectra) the laser repetition rate 

matches the frequency of oscillation to the first cantilever 

mode (≈ 270 kHz). (g) In tapping-mode PTIR experiments (i.e. 

maps) the laser repetition rate matches the frequency 

difference (Δf) between the second (f2) and first (f1) modes of 

the cantilever. 

 

In PTIR a pulsed wavelength-tunable laser illuminates a 

small spot on the sample (≈ 50 µm diameter) centered around 

an AFM tip that serves as a near-field mechanical detector (Fig. 

1e). The alignment between the AFM-tip and laser spot is 

maintained through the experiments because only the sample 

stage moves. Initial implementation of the technique used 

total internal reflection illumination through the substrate;22,23 

however, in this work the sample is illuminated from the air 

side (Fig. 1e).24 The absorption of a light pulse in the sample, 

induces a rapid thermal expansion that kicks the cantilever in 

oscillation like a struck tuning fork with an amplitude 

(measured by the AFM detector) proportional to the energy 

absorbed in the sample.19,20 The PTIR mechanical detection 

scheme, works in principle at all wavelengths and its operating 

range has been recently extended from the mid-IR to the 

visible.25,26 PTIR’s working principles16,17 and its applications in 

photovoltaics,27,28 polymer science,29–32 pharmaceutics,33,34 

plasmonics,35–37 2D materials,38,39 medicine,40,41 biology,40,42 

geology43 have been reviewed recently. For example, PTIR has 

been applied to study the nanoscale distribution of drug-

polymer blends33,34 and to study the trans-membrane protein 

conformation in purple bacterial membranes.44 Recent PTIR 

innovations, such as resonance-enhanced operation,24 ultra-

sensitive nanosized probes,45 and most recently, the 

development of tapping-mode PTIR, have improved the 

technique sensitivity and throughput. PTIR operation in water 

has also been recently demonstrated.46 

In this work, all PTIR measurements exploit a resonance 

enhanced excitation scheme to increase the sensitivity of the 

cantilever transduction.24 PTIR spectra were obtained by 

keeping the cantilever fixed in contact with the sample 

(contact-mode) while sweeping the laser wavelength and by 

tuning the laser repetition rate to match the frequency of one 

of the cantilever bending modes (≈ 270 kHz, Fig. 1f). PTIR 

images were obtained by scanning the AFM probe in tapping-

mode (i.e. oscillating over the sample) while illuminating the 

sample with a fixed wavelength and leveraging a heterodyne 

detection scheme that enables non-linear mixing of the 

cantilever oscillation modes. This was achieved by setting the 

laser repetition rate (Δf ≈ 300 kHz) to match the difference 
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between the second (f2 ≈ 360 kHz, demodulation frequency) 

and first (f1 ≈ 60 kHz, tapping frequency) bending modes of 

the AFM cantilever (Fig. 1g). 

For reference, the Fourier-transform infrared (FTIR) spectra 

of the pure paclitaxel drug, PBD-b-PEO block copolymer, DPPC 

and partially deuterated DPPC (d-DPPC) lipids are reported in 

the supporting information (Fig. S1). The paclitaxel spectrum 

shows a few characteristic bands that do not spectrally overlap 

with the polymer or the lipid bands.
21

 Particularly, the amide I 

peak (≈ 1645 cm
-1

) was used as paclitaxel marker band in the 

subsequent PTIR experiments. Because DPPC and PBD-b-PEO 

have very similar IR spectra
21

 (Fig. S1); here d-DPPC\PBD-b-

PEO films were fabricated to enable spectroscopic 

differentiation. Deuteration is a common spectroscopic trick to 

overcome IR spectral overlap since the C-D stretching 

vibrations occur in a very characteristic spectral region (from 

2000 cm-1 to 2300 cm-1).47 For example, the d-DPPC spectrum 

shows two peaks at 2189 cm-1 and 2213 cm-1 due to symmetric 

and asymmetric CD2 stretching which were used as lipid 

marker bands in the drug-loaded hybrid membranes. 

Fig. 2 (a) AFM topography map, and (b) PTIR map (1722 cm-1, 

carboxylic acid stretching) of paclitaxel microcrystals. (c) 

Comparison between macroscale FTIR (red) and nanoscale 

PTIR spectra [blue, from marked position in panel (a)] of 

paclitaxel microcrystals, showing good agreement. (d) AFM 

topography map, (e) PTIR map (1652 cm
-1

, paclitaxel amide I), 

and (f) PTIR spectra [from the color-coded positions in panel 

(d)] of a paclitaxel loaded PBD-b-PEO film highlighting the film 

homogeneity. (g) AFM topography map, (h) PTIR map (1650 

cm
-1

, paclitaxel amide I) and (i) PTIR spectra [from the color-

coded positions in panel (g)] of a paclitaxel loaded DPPC film 

showing the partial segregation of paclitaxel nanocrystals from 

the DPPC film. 

 

The PTIR spectrum of a paclitaxel single crystallite (Fig. 2c) 

shows good correlation with the corresponding macroscale 

FTIR spectrum, as expected, and was used as reference for 

determining the paclitaxel distribution in both single 

component films (DPPC and PBD-b-PEO) (Fig. 2 d-i) and hybrid 

films (Fig. 3,4). Small differences, between ATR FTIR 

(unpolarized) and PTIR (polarized) spectra can be attributed to 

the effect of light polarization and sampling differences, as 

recently discussed in detail elsewhere.21 As mentioned, (see 

schematic in Fig. 1b) at parity of initial drug loading, the 

paclitaxel cumulative release from the hybrid films 

outperforms the release from the polymer-only films 

(intermediate performance) and lipid-only films (worst 

performance). The AFM topography (Fig. 2d) and PTIR spectra 

(Fig. 2f) of a paclitaxel-loaded polymer film show that this 

sample is topographically and compositionally uniform. 

Particularly, the PTIR spectra display the prominent, amide I 

peak (≈ 1650 cm-1) characteristic of paclitaxel and two peaks 

(1724 cm-1, and 1448 cm-1) characteristic of the polymer.  

In contrast, in the drug-loaded lipid film, the AFM 

topography (Fig. 2g) and PTIR image (1650 cm-1, Fig. 2h) due to 

paclitaxel amide I absorption reveal features resembling 

paclitaxel crystals in Fig. 2a-c, suggesting paclitaxel segregation 

and crystallization in the film. Although the IR spectra of DPPC 

and paclitaxel are partially overlapped, the PTIR spectra (Fig. 

2h) obtained at the color-coded locations in Fig. 2g, confirm 

this interpretation due to the stronger paclitaxel marker bands 

in the regions with elevated AFM topography (drug 

crystallites). However, since the drug peaks can also be 

observed, albeit with weaker intensity, in the smooth area of 

the film, a fraction of the initially loaded drug is still finely 

dispersed in the lipid matrix. Consequently, the PTIR data 

suggests that paclitaxel partially aggregates and precipitates 

out of the hydrophobic DPPC membranes, reducing its 

bioavailability and efficacy,9,10 in agreement with small angle 

X-ray scattering data reported previously.15 
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Fig. 3 (a) AFM topography, and (b) phase map of paclitaxel 

loaded DPPC/PBD-b-PEO hybrid films showing strong 

heterogeneity. (c) PTIR spectra obtained at the marked 

locations in panel-(a) showing very similar spectra from the 

polymer-rich and lipid-rich domains. (d) PTIR ratio image 

obtained by dividing the paclitaxel amide I map (1645 cm-1) 

with respect to the polymer and lipid band (1466 cm-1) 

showing the complex and heterogeneous distribution of 

paclitaxel. Higher paclitaxel concentration is observed along 

several lipid-polymer phase boundaries (red arrows) and 

throughout some smaller domains (white arrows). 

 

Having justified the larger paclitaxel release from PBD-b-

PEO polymer films than from DPPC films, we next investigate 

the origin of the even greater release from PBD-b-PEO/DPPC 

hybrid films (Fig. 1c). The AFM topography (Fig. 3a) and phase 

(Fig. 3b) images of the paclitaxel-loaded hybrid film show 

several micro- and nano- domains. In previous works, the 

regions displaying lower topography and higher phase have 

been assigned to a lipid-rich phase, whereas the areas with 

higher topography and lower phase have been assigned to a 

polymer-rich phase.
 14,15

 The PTIR ratio map (Fig. 3d) of the 

PTIR intensity at 1645 cm
-1

 (paclitaxel amide I) with respect to 

the PTIR intensity at 1466 cm
-1 

(polymer and lipid band) 

reveals the complex and heterogeneous distribution of 

paclitaxel in these films. The calculation of image ratios, is a 

common post-acquisition practice that mitigates the possible 

influence of the sample stiffness heterogeneity on the PTIR 

signal amplitude,
48 

because at any given location such effects 

are wavelength independent. In agreement with our previous 

work,
21

 a stronger signal (i.e. higher paclitaxel concentration) is 

observed along several lipid-polymer phase boundaries (for 

example, see red arrows in Fig. 3). In addition, several smaller 

domains (see white arrows in Fig. 3) show strong intensity 

(high paclitaxel concentration) throughout the whole domain. 

These domains (hereafter drug-rich domains) are also 

characterized by intermediate phase values (Fig. 3b) with 

respect to the polymer-rich and lipid-rich phases, suggesting 

that in these regions the polymer and lipid molecules may be 

strongly intermixed. Additionally, since these drug-rich 

domains do not display the large topographic protrusions (as 

observed in paclitaxel-loaded DPPC film, Fig. 2a) and because 

the drug release from the hybrid films is enhanced with 

respect to the single component films, we rule out the 

possibility that such domains could consist of crystallized 

paclitaxel. Although paclitaxel neither crystallizes in PBD-b-PEO 

nor in hybrid films, the superior performance of the hybrid 

films is attributed to their micro- and nano-structure. In fact, 

since paclitaxel preferentially partitions in the lipid-polymer 

boundary regions, and the domain boundaries run throughout 

the film thickness (like-domains are stacked, Fig. 1b) 11 such 

structure provides a confined pathway through-which drug 

permeation is facilitated. At parity of total drug loading, 

another characteristic that favors the enhanced release from 

the hybrid films with respect to PBD-b-PEO films is the 

heterogeneity in the local drug concentration that should lead 

to increased release both initially (higher driving force due to 

higher concentration) and at intermediate times (due to the 

lower film density in the regions that have already expelled the 

drug). 

Because the lipid and the polymer have similar IR spectra 

(Fig. S1, 3c) we fabricated paclitaxel-loaded d-DPPC/PBD-b-

PEO hybrid films using the partially deuterated d-DPPC lipid 

(Fig. 4) to assess their intermixing in hybrid films. Following 

previous work,14,15 the bright regions in the phase image (Fig. 

4b) should correspond to lipid-rich regions; an assignment that 

is confirmed, in first approximation, by the PTIR image at 2189 

cm-1 (d-DPPC CD2 symmetric stretching, Fig. 4c). However, the 

PTIR ratio map (Fig. 4d) of the d-DPPC CD2 symmetric 

stretching (2189 cm-1) with respect to the non-specific 

background absorption (2250 cm-1) clearly suggests that not all 

the regions displaying a high phase values in Fig. 4b are lipid-

rich, as proposed previously.15  
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Fig. 4 (a) AFM topography map, and (b) phase map of 

paclitaxel loaded d-DPPC/PBD-b-PEO hybrid films. (c) PTIR 

absorption map (2189 cm
-1

, d-DPPC symmetric CD2 stretching), 

and (d) PTIR ratio image obtained by dividing the d-DPPC 

symmetric CD2 stretching (2189 cm
-1

) map with respect to non-

specific background absorption (2250 cm
-1

). (e) PTIR spectra 

obtained at the color-coded locations in panel-(b). (f) AFM 

phase line profile (blue) and 2189 cm
-1

 spectral intensity [red 

dots, derived from spectra in panel-(e)] across the color-coded 

location in panel-(b) showing an abrupt change in chemical 

composition. The line at “0” μm marks the edge of the lipid-

rich domain, as observed in the topography image in panel-(a). 

Error bars represent a single standard deviation in the 

determination of the PTIR signal intensity. 

 

Consequently, relying only on AFM phase imaging to 

distinguish between lipid-rich and polymer-rich domains 

should be done with caution and chemically sensitive 

methods, such as PTIR, should be used whenever possible. 

Finely spaced (10 nm) PTIR spectra in Fig. 4e (from the color-

coded positions shown in Fig. 4b) show that the lipid peaks 

(2189 cm-1 and 2213 cm-1) decay as we move away from the 

lipid-rich area, as expected, and indicate that the lipid content 

in the polymer-rich phase is either negligible or below the PTIR 

limit of detection (≈ 5 % mole fraction). The PTIR spectral 

intensity with respect to position (Fig. 4f) suggests that the 

extent of the lipid-polymer interfacial region is ≈ 70 nm (also 

corroborated by the AFM phase line profile). 

Experimental Methods 

Materials  

All chemicals and materials were purchased from commercial 

sources and used as received without further purification. The 

nominal average molecular weight (Mn) of the PBD and PEO 

blocks was 2500 g·mol-1 and 1500 g·mol-1, respectively; leading 

to an overall Mn = 4000 g·mol-1
 for PBD-b-PEO copolymer (1.06 

polydispersity). All solvents used were high performance liquid 

chromatography grade. 

 

Preparation of multi-lamellar membranes 

Multi-lamellar membranes composed of phospholipids (DPPC), 

block copolymers (PBD-b-PEO), and drug molecules (Paclitaxel) 

and their hybrids were prepared by spin-coating on small (≈ 1 

cm
2
) cleaved Si wafers. First, DPPC and PBD-b-PEO were 

dissolved in chloroform (25 mg/ml) and paclitaxel was 

dissolved in ethanol (5 mg/ml, 0.05 molar fraction). Later, a 

mixed solution with DPPC and PBD-b-PEO (1:1 molar ratio) 

paclitaxel was prepared to have 4:1 volume ratio of chloroform 

and ethanol (20 mg/ml) and spin-coated (16.7 Hz) for 30 s. To 

ensure complete solvent evaporation, the samples were 

placed into a vacuum desiccator overnight. Driven by solvent 

evaporation, the amphiphilic nature of lipid and polymer 

molecules yields well-organized multi-lamellar self-assembled 

membranes.
15

  

 

PTIR Measurements 

PTIR spectra and images were obtained with a commercial 

PTIR instrument interfaced with a quantum cascade laser with 

wavelength tunable from 2349 cm
-1

 (4.26 �m) to 2165 cm
-1

 

(4.62 �m), and from 1934 cm
-1

 (5.17 µm) to 1126 cm
-1

 (8.88 

µm). The laser was focused on the sample to a ≈ 50 µm spot 

size, with the light beam impinging from a ≈ 20° angle with 

respect to the sample plane. All PTIR experiments, were 

obtained using p-light polarization and commercially available 

gold-coated silicon AFM probes (225 µm nominal length and 

with nominal spring constant between 1 N/m and 7 N/m, as 

specified by the vendor). All PTIR measurements were 

obtained leveraging the resonant excitation of the cantilever 

either in contact mode (for spectra acquisition only) or tapping 

mode (for imaging only) using the same cantilever type. In 

contact mode, resonant excitation is achieved by matching the 

laser repetition rate (tunable from 0.1 kHz to 500 kHz) to one 

of the cantilever resonance frequencies (typically � 270 kHz, 

Fig. 1f) using a 5 % duty cycle (≈ 160 ns pulse length). PTIR 

spectra were obtained in contact mode by sweeping the laser 

(2 cm
-1

 intervals) and averaging up to four spectra at each tip 

location. Tapping-mode AFM and PTIR images were acquired 

simultaneously by illuminating the sample with a fixed 

wavelength and by leveraging a heterodyne detection scheme 

where the laser repetition rate matches the frequency 

difference (Δf ≈ 300 kHz) between the second and first eigen-

modes of the AFM cantilever (≈ 360 kHz, and ≈ 60 kHz, 

respectively) see Fig. 1g. The PTIR images were labelled with 

the laser wavelength used in the experiments, typically close 

but not always corresponding exactly to the IR peak maximum. 

All PTIR, phase and topography images were obtained at 0.5 

Hz scan rate, with a 5 nm pixel size in both the horizontal and 

vertical directions.  

Conclusions 

In conclusion, PTIR’s high-resolution compositional sensitivity 

provides a detailed observation window on the chemical and 

structural complexity of paclitaxel loaded lipid-hybrid polymer 
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films. We elucidate, for the first time, drug partition with 

nanoscale resolution in these materials and conjecture that 

this directly impacts the observed enhanced drug release 

properties. The partial segregation and crystallization of 

paclitaxel nanocrystals in lipid films limits their utility as 

paclitaxel delivery media with respect to polymer films. 

Although, paclitaxel crystallization is suppressed in both 

polymer-only and lipid-polymer hybrid films, the superior drug 

release capabilities of hybrid films, is attributed to paclitaxel 

preferential localization along the vertically aligned lipid-

polymer phase-boundaries. The partial deuteration of the lipid 

component in hybrid films enables estimating the width of the 

lipid polymer interfacial region (≈ 70 nm) and reveals that the 

molar fraction of the lipid in the polymer-rich phase is below 

the PTIR limit of detection (estimated < 5 %). We believe that 

our work will foster the development of new lipid-polymer 

hybrid films their applications in drug delivery. 
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