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ABSTRACT: Conjugated polymers display useful thermo-optical properties of high relevance to
biomedical applications, which are not only dependent on their intrinsic chemical composition,
but also related to their physical conformation and manufacturing protocol. In this work we report
that the thermo-optical properties of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) encapsulated within poly (ethylene
glycol) methyl ether-block-poly (lactide-co-glycolide) (PEG-PLGA) can be tuned by production
conditions, generating conjugated polymer nanoparticles (CPNs) with customized applications.
Thermal lens spectroscopy (TLS) was used to characterize the CPN light-to-heat conversion
efficiency as it provides an absolute measurement of heat generation. Although preparation by
traditional bulk production led to a high product yield, the CPNs were characterized by similar
sizes and thermo-optical properties, irrespective of the molecular weight of amphiphilic PEG-
PLGA. In contrast, a microfluidics production method generated CPNs with variable product
yields and sizes and thermo-optical properties that are affected both by the molecular weight of
PEG-PLGA and the production settings. Given the growing interest in biomedical applications of
CPNs, our work provides useful results on microfluidic production of CPNs and of TLS for the

screening of candidates with desirable characteristics.

INTRODUCTION

Conjugated polymers (or semiconducting polymers) are organic materials that present

useful electronic and optical properties with a broad range of technological applications.' Within



the biomedical field, their photoluminescence emission and photoacoustic signal have been
explored for bioimaging,®> while their light-triggered reactive oxygen species (ROS) and heat
generation capabilities have been used for photodynamic (PDT) and photothermal therapies
(PTTs) for cancer and bacterial infections.>*> The useful properties of conjugated polymers
depend on their inherent chemical structure and degree of polymerization, as well as on their
physical conformation."%® Because of the latter, both the conditions of preparation ° and the type
of amphiphilic compounds used for their dispersion in aqueous solutions!® have a direct impact on
their performance. As a consequence, these factors can be used to optimize the characteristics of
conjugated polymer nanoparticles (CPNs) for the application sought. As the potential application
of conjugated polymers depends on the mechanisms of energy dissipation following excitation,
the study of the radiative and non-radiative de-excitation mechanisms is paramount for the
identification of candidates with enhanced properties. This could inform the choice of preparation
conditions to generate nanoparticles suitable for specific types of instrumentation.

The commercially available conjugated polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) (Figure 1) is
a biocompatible material'® that has been explored for biomedical applications due to its light
absorption and emission in the near infrared region and its capability of heat/sound wave

11-13 and

generation.!!"!* Hence, PCPDTBT nanoparticles have been used both as photoacoustic
fluorescent' ! bioimaging probes and as a cytotoxic photothermal agent.'? The literature suggests
that PCPDTBT CPNs can emit detectable light and acoustic/thermal waves and that the
performance of PCPDTBT CPNs in biomedical applications is linked to the extent of light and

heat generated.'!® The optical properties and photoacoustic effect of PCPDTBT nanoparticles

have been characterized with diverse techniques and contrasting outcomes in their performance



have been observed.!!!* For example, PCPDTBT nanoparticles stabilized with the surfactant 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) presented 0.1% fluorescence quantum yield,!
determined by the relative method,'* !¢ while higher fluorescence efficiencies (39%) were reported
for CPNs prepared with 1,2-dioctanoyl-sn-glycero-3-phosphocholine (DOPC) lipid (fluorescence

quantum yield method not described).'?
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Figure 1. PCPDTBT and PEG-PLGA chemical structures and nanoparticle preparation settings.

When assessing the photothermal effects of PCPDTBT, the photoacoustic characterization

has been typically performed using an ultrasound detector,'"!> although one report employed

11,13,17

photothermal optical coherence tomography.'? Ultrasound detectors used for photoacoustic

measurements make use of a microphone to monitor the thermal effect caused by non-radiative




de-excitation,'® relying on the principle that the absorbed photon energy is converted into an

acoustic signal.'®

However, there are other photothermal methods used to measure the thermal
effect created in a sample due non-radiative de-excitation, such as thermal lens spectrometry
(TLS), photothermal deflection spectrometry and thermal mirror spectrometry, which vary in the
principles followed to measure the amount of absorbed energy converted into heat.!® First
described in 1965, TLS (also referred to as thermal lensing) is based on the detection of heat
produced following photoexcitation (photothermal effect).??! Briefly, in the TLS method, a local
change in refractive index due to the absorption of light from a pump beam can interfere in the
plane wave of a second laser (probe beam), observed as a defocusing with an associated drop in
the centre of the probe beam intensity. The temperature change within the sample due to the pump
beam can be calculated from the change in the probe beam intensity, and it is related to the thermo-
optical properties of the sample. TLS provides an absolute measurement of heat generation and
has the advantage of using a laser instead of a xenon lamp as a light source, which replicates more
closely the excitation conditions often used in biomedical applications.*?

In this work, PCPDTBT CPNs containing amphiphilic block copolymers of poly (ethylene
glycol) methyl ether-block-poly (lactide-co-glycolide) of different molecular weights (PEGak-
PLGA 5« and PEGsk-PLGAssk) were produced by a traditional bulk technique and microfluidics
(Figure 1). TLS was used to characterize the thermo-optical properties of CPNs in order to
understand the effect of the molecular weight of PEG-PLGA and the production techniques on
PCPDTBT physical conformation within the nanostructure, enabling informed preparation
conditions for CPNs with tailored thermo-optical properties. In short, we observe that the
traditional bulk technique generated high product yields of PCPDTBT CPNs with similar optical

and thermal properties and sizes, regardless of the PEG-PLGA molecular weight. In contrast, it is



of note that the size and thermo-optical properties of PCPDTBT-based CPNs can be tailored by

means of microfluidics production.

EXPERIMENTAL SECTION

1. Materials

PCPDTBT (cat # 754005) with an average molecular weight of 7482 Da; two different
types of poly (ethylene glycol) methyl ether-block-poly (lactide-co-glycolide) copolymers with
50:50 ratio of lactide:glycolide (PEG2k-PLGA sk and PEGsk-PLGAssk); THF (ReagentPlus®,
>99.0%, cat # 178810); purified HPLC water (impurities <lppb and anions < 0.1 mg/Kg, cat #
34877-2.5L); Cheminert® PTFE plastic fittings and tubing and 5 mL glass syringe with 10.301
mm diameter (21965-U, Supelco) were supplied by Sigma-Aldrich Corporation (St Louis, MO,
USA). Synthetic fused silica capillary tubing TSP320450 and TSP100245 was supplied by
(Polymicro Technologies LLC, Phoenix, Arizona, USA). Syringe pumps 11 Elite Infusion Only

Single Syringe (cat # 70-4500) were acquired from Harvard Apparatus (Massachusetts, USA).

2. Nanoparticle preparation
Nanoparticles were prepared with a mass ratio of 1:20 (PCPDTBT:PEG-PLGA) through
nanoprecipitation using a bulk method and a continuous fabrication technique (microfluidics)
(Figure 2), both previously used to prepare PEG-PLGA CPNs containing conjugated polymers of
variable structures.”!°
2.1 Bulk method
PCPDTBT bulk formulations were prepared with total solids concentrations of 2.1 mg/mL

in the end product. THF (1 mL) containing 10.5 mg/mL total polymer (5% w/w conjugated



polymer and 95% PEG-PLGA) was added dropwise to 5 mL of water at room temperature stirred
for up to 12 hours to allow complete evaporation of THF. The volume of water lost due to
evaporation was replaced. Corresponding formulations containing 100% PEG2-PLGAsx and
PEGsk-PLGAssc were prepared as controls with 2.0 mg/mL final polymer concentration. At least

three independent replicate batches of each formulation were produced and characterized.
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Figure 2. Illustration of the production settings of the bulk method (A) and microfluidic CPN
production (B/C). PDPCTBT CPNs were produced at (5% w/w conjugated polymer and 95%

PEG-PLGA) (D).

The same microfluidic device previously used for both small and large-scale batch

production of PEG-PLGA CPNs’ was used to prepare PCPDTBT nanoparticles. Nanoparticles



were prepared by injecting a fixed volume of 1 mL of THF polymer feed solution, leading to
formulations which varied in their final volume depending on the flow rate ratio of THF to water
used (Table 1). The nanoparticles were collected in a flask and were stirred continuously for up to
12 hours to allow complete evaporation of THF and the volume of water lost due to evaporation
was replaced. Nanoparticles were prepared at the highest and lowest polymer concentrations
previously reported.’ At least three independent replicate batches of each formulation were

produced and characterized.

Table 1. Experimental conditions investigated to prepare nanoparticles in a continuous process

(microfluidics).
Feed solution THF H0 Flow  rate Eg)riilentratii)(;lh(iirsl oo iati
concentration flow rate flow rate ratio product abbreviation
(uL/min) (pL/min) (THF:H20) [mg/mL]
2.4 mg/mL 69 111 1:2 1.4 1:2[1.4]
0 . 0
%é;i%%m' B% 4, 168 115 0.2 1:15[0.2]
1.1 mg/mL
(5% PCPDTBT: 95% 69 111 1:2 0.7 1:2[0.7]
PEG-PLGA)
1.1 mg/mL 1:2[0.7]
69 111 1:2 0.7 100%PEG-
(100% PEG-PLGA) PLGA

*For clarity, the flow rate ratios have been rounded to the nearest integer or half integer in
abbreviations used for the text and figures.

3. Product yield



The product yield (PCPDTBT concentration in a defined volume of CPN solution
expressed as a percentage of the theoretical concentration of conjugated polymer assuming zero
loss) was determined as previously described.’ Briefly, duplicate samples (50-200 uL) of each
CPN were dried in an oven and solubilized in 1 mL of THF prior to absorbance measurements.
PCPDTRBT calibration curves were prepared in THF in the concentration range of 0.8-12.5 ug/mL
and absorbance assessed in a Lambda 35 absorption spectrophotometer (Perkin Elmer Inc., USA)

at 700 nm.

4. Optical and thermal characterization by thermal lens spectrometry (TLS)

For TLS characterization, CPNs and 100% PEG-PLGA nanoparticles were assessed at total
solids concentration of 3, 30 and 300 pg/mL. The TLS experimental setup was performed with a
dual-beam mode-mismatched configuration (Figure S1), as previously described.”® Briefly,
samples were presented using 1 mm quartz cuvettes, and placed at the minimum position of the
beam waist (w,.) of a Ti**:Sapphire laser pumped by a semiconductor laser with A = 532 nm. The
excitation was performed by the Ti*":Sapphire laser tuned at 700 nm and the thermal lens (TL)
effect was probed by a HeNe laser operating in 632.8 nm. The excitation beam has a Gaussian
intensity profile, whereby when it passes through the sample, a change in the refractive index is
locally induced, which is proportional to the temperature change. The probe beam also has a
Gaussian intensity profile and constantly impinges the sample, but it has much lower potency and
its diameter is about five times larger than the excitation beam. Accordingly, it does not induce
any temperature change in the sample. A similar instrumentation set up was previously used for
the quantum yield determination of solid samples of Nd**-doped low silica calcium aluminate

glasses,”* Yb3-doped tellurite glasses,>> Er’**-doped tellurite glasses,?® and in liquid samples of



rhodamine 6G and diketopyrrolopyrrole based materials.?’” The samples were pumped by
intermittent light for 450 ms and no photoreaction was observed with the excitation at 700 nm.

It was important to determine if the PEG-PLGA component had any effect on the properties
of the CPNs studied. Therefore 100% PEG-PLGA nanoparticles prepared by the bulk technique
were evaluated with regards to their thermal diffusivity and their thermal lens effect amplitude. By
fitting the TL characteristic curves (Figure S2), the TL time response, 7., is obtained. In order to
determine the thermal diffusivity of the samples, the relation D = (wo.)*/4t- was used and the
thermal diffusivity values obtained in samples with three different nanoparticle concentrations
(300, 30 and 3 pg/mL total solids) were compared to accepted reports of water characterization.?®%
The thermal diffusivity of PEG-PLGA nanoparticles without PCPDTBT was (1.42 + 0.09)x107
cm?/s, independent of the concentrations tested, and matched the value of water, meaning that the
PEG-PLGA on its own would not contribute to the thermal lens effect. The TL effect amplitude
was the same for all samples studied (Figure S3), reinforcing that only pure water is contributing
to the thermal lens effect. Similar results were obtained for both PEG-PLGA nanoparticles
regardless of polymer molecular weight.

For the TLS characterization, it is necessary to determine a linearity of fit based on the
thermal lens signal amplitude under different laser powers. A linear relationship was observed for
all CPN samples and is depicted using a representative sample, microfluidics 1:2[1.4] containing
PEGsk-PLGAssk (Figures S4). The linear behaviour indicates that during the sample excitation

with the laser only the thermal lens effect is responsible for the acquired signal.

5. Hydrodynamic diameter and zeta potential determination
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Hydrodynamic diameters were assessed by dynamic light scattering (DLS) at 25°C using
a Zetasizer NanoZS (Malvern Instruments Ltd, UK) equipped with a 633 nm He-Ne laser and a
back scatter detector with measurement angle of 173°. The size analysis was performed at 50
ug/mL total solids concentration. The Z-average value obtained from the intensity distribution of
particles size was used to express the mean diameters of monomodal samples. For zeta potential
measurements, CPNs were diluted in NaCl 10 mM 3%3! at a final polymer concentration of 20
pg/mL, and the measurements were performed in standard electrophoresis cuvettes (DTS1070,
Malvern Instruments GmbH) in a Zetasizer NanoZS (Malvern Instruments Ltd, UK) equipped with

a 633 nm He-Ne laser and forward scatter detector with a measurement angle of 13°.

6. Steady-state absorption and fluorescence emission spectra

Steady-state absorption and fluorescence emission spectra of PCPDTBT dissolved in THF
and nanoparticles diluted in water at concentrations of 0.2-12.5 ng/mL PDPCTBT were measured
using a Lambda 35 absorption spectrophotometer (Perkin Elmer Inc., USA) and a LS50b
luminescence spectrometer (Perkin Elmer Inc., USA), respectively. The average
absorbance/emission spectrum of at least three independent nanoparticle batches was calculated
and then maximum-normalized. The attenuation coefficient (formerly known as extinction
coefficient, cm'g'L) of CPNs was determined as previously described for metal nanoparticles. 32
34 Briefly, these attenuation coefficients were determined from the gradient of the linear (R? >
0.994) regression when the absorption at the relevant wavelength was plotted against concentration
(n=15). In all cases, and to account for the nanoparticle scattering effect, the measured absorbance

values of CPNs were corrected with the values obtained of the non-absorbing 100% PEG-PLGA
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nanoparticles at the same polymer concentrations. Quoted values represent average and associated

uncertainty as a single standard deviation for three independent nanoparticle batches.

7. Statistical analysis
GraphPad Prism (version 5.00 for Windows, GraphPad Software, San Diego California,
USA) was used to perform statistical (One-way ANOV A with Tukey’s post hoc test and regression
analysis) and Pearson correlation analysis. Statistical significance values were described as *

p<0.05 ** p<0.01, *** p<0.001.

RESULTS AND DISCUSSION

1. CPNs production yield, size and charge

The CPN product yield denotes an important parameter as it provides information about
the viability of production methods that should ideally cause a minimum material loss.” PCPDTBT
CPNs produced by the bulk method presented higher product yields than those generated by
microfluidics, regardless of the molecular weight of the PEG-PLGA (Figure 3). The type of PEG-
PLGA influenced the yield of CPNs generated via microfluidics: PEGsk-PLGAssk CPNs presented
more variable and larger mean yields (70-85%) than the nanoparticles containing PEG2k-PLGA 15k
(63-74%). In addition, it is of note that the settings of the microfluidic production have a clear
effect on the product yield for both systems. In this regard, reducing the polymer concentration on

the THF feed solution from 2.4 to 1.1 mg/mL led to a higher product yield of PEGs-PLGAss¢

12



CPNs (MF1:2[0.7]), while the lowest THF:H>O flow rate ratio generated the highest product yield

of PEGok-PLGA 15k microfluidics CPNs (MF1:15[0.2]).
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Figure 3. Product yield of PCPDTBT-based CPNs produced by the bulk and microfluidics

techniques. Boxes represent minimum and maximum values with line at mean (n>3).

Interestingly, we observed that both production techniques generated higher PCPDTBT
yields than poly(9,9-dioctylfluorene-2,1,3-benzothiadiazole) (F8BT) nanoparticles prepared with
the surfactants sodium dodecyl sulfate (SDS) or Solutol HS (pegylated 12-hydroxystearate)

produced by miniemulsion technique (<30%)

and PLGA nanoparticles encapsulating the
conjugated polymers poly[9,9-dihexylfluorene-alt-9,9-bis(2-(2- (2-
methoxyethoxy)ethoxy)ethyl)fluorine] (PF), poly[9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)fluorenyldivinylene-alt-9,9-bis(3-t- butylpropanoate)fluorene]
(PFV), poly[9,9-bis(2-(2-(2-methox- yethoxy)ethoxy)ethyl)fluorene-alt-4,7-(2,1,3-
benzothiadiazol)] (PFBT), and MEH-PPV (41-48%).>® In comparison to cyano-substituted poly(p-
phenylene vinylene) (CN-PPV) and F8BT CPNs containing PEGsk-PLGAssk produced previously
with the same settings,” the bulk method led to higher product yields of PCPDTBT/PEGsk-

PLGA 55k CPNs, while the ones obtained by microfluidics had a lower conjugated polymer content

than CN-PPV, but higher than F§BT.

13



(a) (b) .
E i except bulk nanoparticies
= 3004 xxx Organlc phase PEG5K-PLGA55K PEGZK'PLGA15K
' 1 m 24 L
5 250{ 199 o o1 .30 207 1m - 11 mgx._ 12 1:2 1:2 1:15 Buk  1:2 1:2 1:2 1:15 Bulk
g Pdi02 "‘!'E"‘;zldon:ns 1.1 m@/mL (100%PEG-PLGA) 0- [1.4] [0.7] [0.7] [0.2] [21] [1.4] [0.7] [0.7] [0.2] [2.1]
3 200 " iznm 1468 nm 186nm . 10.5mg/mL <
o Palngy Pal02sPdlozs . -5
£ 150, e 0,001 E
© = -101
< 1004 ol SmV BmV SmV -0mV TmV
] E 157 zdevs zdevs zdevs zdevs zdevs
= 504 ] i ASmV _4gmV -16mV -16mV -12mV
3 ° -201 C:’gza:l Ic pllase 24evS Zdev Zdev s Zdevs Zdevs
r s .4 mg/m —
1:2 1:2 1:2 1115 Buk  1:2 1:2 1:2 1:15 Bulk o =251 = 1.1 mg/mL " .
[14] [0.7] [0.7] [0.2] [2.1] [1.4] [0.7] [0.7] [0.2] [2.1] D .30 1.1 mg/mL (100%PEG-PLGA) *
PEGs,-PLGAssk ... PEGo-PLGA4s N | sasmom
- p=0.

" except 1:150.2] and bulk [2.1]

Figure 4. Hydrodynamic diameters (a) and zeta potential (b) of PCPDTBT CPNs produced by the

bulk and microfluidics techniques.

We have previously shown that PCPDTBT/PEG-PLGA nanoparticle size of CPNs
prepared by the bulk method is affected by the molecular weight of PEG-PLGA, the total
concentration of polymers and the percentage of incorporation of PCPDTBT,!° yielding circular
shaped CPNs.”!? In this work, we observed that microfluidics nanoparticles containing PEGisy-
PLGA sk presented significantly (p<0.001) larger sizes than bulk CPNs, despite their lower total
solids concentration (Figure 4a). On the other hand, nanoparticles containing PEG2k-PLGA 15k
were similar in size to formulations produced by the different techniques, but the microfluidic
formulations exhibited the highest polydispersity (>0.2). In addition, nanoparticles containing
PEGsk-PLGAssk had significantly (p<0.001) larger sizes (164-199 nm) than the PEGok-PLGA 15«
formulations (127-156 nm), except for the bulk nanoparticles and CPNs prepared with the lowest
THF:H>O flow rate ratio (1:15[0.2]) (Figure 4a). This outcome is in agreement with literature
reports for copolymers with increasing molecular weights, such as PEGsk-PLGA27/s5/95c° and
PEGsk-PLGA 1027/4505k,>° which generated nanoparticles of increasing sizes under the same

production conditions in flow focusing microfluidic devices.
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In addition to the size, the surface properties of nanoparticles designed for biomedical
applications have an important effect on their circulation, distribution and cellular
internalization.>>** It is worth mentioning that PCPDTBT CPNs stabilized with both PEGax-
PLGA1sk and PEGsk-PLGAssk assessed previously presented excellent biocompatibility with
mammalian cells and human blood components and showed stable properties in relevant biological
media.'? The zeta potential is related to the different material composition of a formulation, with
the end groups on the nanoparticle surface influencing the charge present in each system.*!
Nanoparticles containing PEGsk-PLGAssk presented zeta potential values close to neutral (< -10
mV)* irrespective of the production techniques or manufacturing settings (Figure 4b). This is in
agreement with previous literature reports of PEGsk-PLGAssk CPNs>!* and PEGsk-PLGA34
nanoparticles.*> PEG2k-PLGA sk based nanoparticles prepared by microfluidics had an arguably
small, but significantly more electronegative zeta potential (ca -16 mV, p<0.05) than the bulk
formulation and PEGsk-PLGAssk CPNs. The fact that PEG2k-PLGA 15k microfluidics formulations
were more electronegative than the ones prepared by the bulk method could be related to the higher
polydispersity of the microfluidics nanoparticles, as the zeta potential depends on the nanoparticle
size and polydispersity.** Despite that, all formulations presented a more neutral surface charge in
comparison to non-PEGylated PLGA nanoparticles (e.g. -30 mV>®, -26 mV*® and -40 mV>°) and
non-PEGylated PLGA nanoparticles encapsulating the conjugated polymers PF PFV, PFBT and

MEH-PPV (ca -35 mV).%

2. Optical and thermal properties

15



The characterization of the optical properties of a material includes the determination of
the absorption and emission spectra, attenuation coefficient and the fluorescence quantum yield. '
These properties are also related to the photothermal characteristics, which are associated to the

19

ability of a material to convert the absorbed energy into heat.”” This heat generation efficiency, as

well as the heat diffusion through the sample, are relevant photothermal properties of a material.'’
In this work the thermo-optical characterization of CNP formulations was carried out with

particular emphasis on the evaluation of the CPNs preferential excited state de-activation

mechanisms.

2.1 Absorption and fluorescence emission spectra

A solution of PCPDTBT in THF presented absorbance and emission in the near infrared
(Figure 5), with a blue shifted maximum absorption compared to PCPDTBT dissolved in
chloroform (718 nm).!? The maximum absorbance of all CPNs showed a hypsochromic shift when
compared to PCPDTBT fully solvated in THF (Figure 5). In confined structures, the conjugated
polymers chains twist and fold, affecting the extent of the polymer conjugation length and thus
HOMO-LUMO bandgaps.*®*4” This is consistent with our experimentally observed
hypsochromic shifts in the absorption spectrum on progression from PCPDTBT polymer solutions
to CPNGs. In all cases, we observe broader absorption spectra for the latter, which we attribute to a
wider distribution of thermodynamically accessible polymer conformations. The bulk
nanoparticles had a 40 nm hypsochromic shift irrespective of the type of PEG-PLGA, while
microfluidics CPNs presented absorbance blue shifts of 20 nm (PEGsx-PLGAss¢) and 10 nm

(PEG2k-PLGA 5¢), independently of production conditions. This outcome suggests that the bulk

16



technique led to a more tightly coiled conformation of PCPDTBT inside the compact nanostructure
independent of the type of PEG-PLGA. Above all, the rapid and stable mixing conditions of

microfluidic production enabled tuning the maximum absorbance of nanoparticles closer to the

near infrared region.
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PEGg-PLGAssx CPNs
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Figure 5. Normalized absorption (solid line) and fluorescence emission (dashed line) spectra of

PCPDTBT in THF and PCPDTBT CPNs in water produced by the bulk and microfluidics (MF)

methods.

Whilst the absorption spectrum provides insightful information in relation to, for example,
excitation wavelength of choice for bio-applications, the attenuation coefficient informs about the
ability of the material to absorb light at a particular wavelength. As a result, large attenuation
coefficients would facilitate lower working concentrations in bio-assays. For biomedical
applications, there is interest in materials that absorb and emit in the near infrared region of the

spectrum (700-2500 nm), due to increased light penetration compared to lower wavelengths,
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which are significantly absorbed and scattered by tissue.*®* In this regard, all CPNs exhibited
absorption maximum at wavelengths longer than 650 nm, widely accepted as suitable for in vivo
biomedical applications.*” Nonetheless, for completeness Table 2 summarizes experimentally
determined attenuation coefficients for these formulations at their absorption maximum as well as
700 nm. In general, microfluidics CPNs produced under the highest THF:H>O flow rate ratio (1:2)
presented the largest attenuation coefficients at their absorption maximum as well as 700 nm
(Table 2). Moreover, PEGsk-PLGAssk CPNs generally presented higher values than PEGo-
PLGAsc at 700 nm, but only the bulk method CPNs containing PEGs-PLGAssk presented
significantly (p<0.05) higher absorption coefficient than their PEG2k-PLGA|s¢ counterparts. In
addition, all CPNs presented significantly (p<0.0001) reduced attenuation coefficients in
comparison with PCPDTBT in THF. PCPDTBT presented a higher mass attenuation coefficient
in THF at 690 nm than F8BT in DCM (59.84 cm!g’'L at 447 nm),>® while the CPNs prepared in
this study presented similar mass attenuation coefficients to F8BT/gadolinium nanoparticles
prepared with phospholipids as stabilizing agents (41.4 cm™'g'L at 450 nm) °!, but lower than

PCPDTBT nanoparticles prepared with the surfactant DPPC (93 cm™'g"'L at 660 nm).!!

Table 2. Mass attenuation coefficients (a) of PCPDTBT in THF and CPNs in water at Amax. and

700 nm.
T -1
PEG-PLGA Sample Kabs.max. (NM) a(ecmlglL) gé}cm g'L)700
- PCPDTBT 690 69+0 68+0
Bulk[2.1] 650 4443 37+2
PEGx-PLGA1sk  MF1:2[1.4] 680 40+2 40+2
MF1:2[0.7] 680 4643 4543
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MF1:14[0.2] 630 42+6 42+1

Bulk[2.1] 650 4343 46+4

MF1:2[1.4] 670 4343 4344
PEGsk-PLGA55¢

MF1:2[0.7] 670 48+4 48+4

MF1:14[0.2] 670 46+2 45+1

CPNs prepared by both production techniques presented a similar red-shift in the emission
spectra in comparison to PCPDTBT in THF (Figure 5). The emission maxima of CPNs containing
PEG2x-PLGA 5¢ were red-shifted by ca 40-65 nm, while PEGsk-PLGAssk CPNs presented a red-
shift of ca 40-50 nm. These were observed to be similar to the previously reported 62 nm red-shift
for PCPDTBT nanoparticles produced with the lipid DOPC in comparison to the neat conjugated
polymer chloroform solution.!? In nanoparticle structures, the conjugated polymer chromophores
are in close proximity, favoring the formation of interchain interactions, such as aggregated
species,*¢ resulting in red shift in the emission spectra.*®>? It is worth noting the larger Stokes shifts
for these PEG-PLGA formulations when compared to their neat PCPDTBT solutions, which
represent an advantage for their application in line with smaller spectral overlap and lower

probability of self-absorption.

2.2 CPN de-excitation mechanisms

We previously reported that the aqueous and organic phases mixing have an important
effect on the CPNs optical properties, with microfluidic settings generating nanoparticles with
tuneable fluorescence quantum yields, while bulk CPNs had similar performance regardless of

polymers concentrations.” PCPDTBT-based formulations were characterized in relation to the

19



excited state de-excitation mechanism following light absorption. Molecules can undergo this
process by both radiative and non-radiative mechanisms.>*** In order to experimentally determine
the quantum yield for heat generation upon photo excitation, two important parameters, namely
thermal diffusivity and heat generation were determined. These are related to the speed of heat
distribution through the sample and how much of the absorbed energy is converted into heat,

respectively.

1 0-PEGaPLGAly  PEGy-PLGA

0.84
< 06{ 4
L 0.4
0.21
40 S S —
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@Q'v @Q'\/ @((\;. @Q'y @@g{&

*fraction of the absorption energy converted into heat

Figure 6. Fraction of the absorbed energy converted into heat of the different nanoparticles at 30
pg/mL total solids (1.4 ng/mL PCPDTBT + 28.6 pg/mL PEG-PLGA) following photoexcitation

at 700 nm.

The evaluation of potential preparation-induced preferential de-excitation pathways of
PCPDTBT CNPs was of particular interest. It is of note that whilst bulk CPNs were observed to
exhibit comparable heat generation capabilities irrespective of molecular weight of the PEG-
PLGA, different heat generation efficiencies were yielded by the ones produced by microfluidics.
TLS analysis revealed the largest non-radiative de-activation efficiency for the microfluidic

formulations MF1:14[0.2] in the presence of PEGsx-PLGA 55k, while the opposite was observed for
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PEGok-PLGA 5k CPNs obtained under the same condition (Figure 6). Along these lines, we
observed a significant bathochromic shift for this formulation on progression from high (£em = 808
nm) to low (Aem = 825 nm) PEG-PLGA molecular weight. While these observations are consistent
with the energy gap law > (i.e. there is an increase in the non-radiative decay rate constant as the
emission energy decreases), it is also anticipated that alternative excited state de-activation
pathways become available in the case of the formulation with PEGsx-PLGA 55k, hence facilitating
a more efficient radiation-less process. Importantly, the microfluidics technique enabled tuning
CPNs properties towards specific de-excitation pathways, which could have enhanced capabilities
either as fluorescent probes or photothermal agents, in line with the desired end-user application
and/or instrumental availability.

As to the capability of heat diffusion through the sample, Figure 7 shows that all CPNs
presented similar values, which were higher than 100% PEG-PLGA nanoparticles, independently
of the type of PEG-PLGA or production condition. Therefore, the presence of PCPDBT embedded
into the PEG-PLGA matrix contributed to a more rapid heat distribution through the sample. In
other words, the CPNs can dissipate heat more easily than PEG-PLGA nanoparticles without
PCPDTBT, which on the other hand, can sustain an increase in temperature for longer periods of

time.
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Figure 7. Thermal diffusivity of different CPNs and 100% PEGs-PLGAss¢ (NP) at 30 pg/mL total

solids (1.4 pg/mL PCPDTBT + 28.6 ng/mL PEG-PLGA).

Overall, all PCPDTBT CPNs prepared in this study promoted similar heat diffusion though
the sample, but the light-to-heat conversion efficiency was dependent on the preparation
conditions. As the de-excitation mechanisms through luminescence emission and heat generation
are complementary, CPNs with high light-to-heat conversion efficiency, such as MF1:14[0.2]
containing PEGsk-PLGAssk, would therefore be a good candidate for photothermal therapy or
photoacoustic imaging, but would perform less efficiently as a fluorescent probe for bioimaging.
Conversely, microfluidics CPNs with low light-to-heat conversion efficiency, such as
MF1:14[0.2] prepared with PEG2-PLGA 5« and MF1:2[1.4] containing PEGsx-PLGA55¢, would
be potential candidates for luminescent-based applications. CPNs with intermediate heat

generation capabilities, like the bulk formulations, could perform as dual-modality probes or
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theranostic agents, which has been previously reported for PCPDTBT CPNs used both for

fluorescence imaging and photothermal therapy.'?

CONCLUSIONS

In conclusion, this work assessed the impact of preparation conditions and formulation on
the photophysical properties of PCPDTBT nanoparticles with a particular focus on the efficiency
of heat generation upon photoexcitation characterized by the TLS technique. To do so, PCPDTBT
CPNs were generated by a traditional bulk method as well as microfluidics, using amphiphilic
PEG-PLGA of different molecular weights. CPNs prepared by a traditional bulk method presented
high production yields and comparable sizes irrespective of the molecular weight of PEG-PLGA.
In contrast, the molecular weight of PEG-PLGA associated with the microfluidic production
settings influenced the final product yield and the nanoparticle size of PCPDTBT CPNs. In all
cases, we report absorption spectra which exhibited hypsochromic shifts when compared to
PCPDTBT in solution, which can be attributed to the folding of the polymer chains and associated
greater HOMO-LUMO bandgap. In turn, fluorescence emission spectra were bathochromically
shifted, consistent with polymeric aggregation in the nanoparticles. Interestingly, this led to highly
desirable large Stokes shifts. Under the same microfluidic settings (1:14[0.2]) PEGsk-PLGAssk and
PEGak-PLGA 5k had contrasting effects on the heat generation capability of PCPDTBT, with the
higher molecular weight copolymer enabling the best photothermal performance. In addition, TLS
revealed that the presence of PCPDTBT embedded into the PEG-PLGA matrix resulted in
increased heat diffusion through the sample, independently of the type of PEG-PLGA or
production condition. Overall, this work shows that the conditions used for nanoparticle assembly,

including production set-up and shell composition, play an important role in defining the thermo-
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optical features of a CPN; this knowledge is crucial to guide the choice of potential candidates
with optimized characteristics for biomedical applications. We also demonstrate the usefulness of

the TLS technique to determine the light-to-heat conversion efficiency of CPNs.
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