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Abstract: Nanotechnology has enabled the development of novel therapeutic strategies such as
targeted nanodrug delivery systems, control and stimulus-responsive release mechanisms, and the
production of theranostic agents. As a prerequisite for the use of nanoparticles as drug delivery
systems, the amount of loaded drug mustbe precisely quantified, a task for which twoapproaches
are currently used. However, both approaches suffer from the inefficiencies of drug extraction and
of the solid-liquid separation process, as well as from dilution errors. This work describes a new,
reliable, and simple method for direct drug quantification in polymeric nanoparticles using
attenuated total reflection Fourier transform infrared spectroscopy, which can beadapted for a wide
variety of drug delivery systems. Silk fibroin nanoparticles and naringenin were used as model
polymeric nanoparticle carrier and drug, respectively. The specificity, linearity, detection limit,
precision and accuracy of the spectroscopic approach were determined in order to validate the
method. A good linear relation was observed within 0.00 to7.89 % of naringenin relative mass with
an R2of 0.973. The accuracy was determined by the spike and recovery method. Results showed an
average 104% recovery. The limit of detection and limit of quantification of the drug loading content
weredetermined to be 0.3 and 1.0 %, respectively. The method's robustness is demonstrated by the
notablesimilarities between the calibrations carried out in two different equipment and institutions.

Keywords: silk fibroin; nanoparticles; drug loading content; quantification; infrared spectroscopy;
FTIR spectroscopy, nanotechnology, nanomedicine, drug delivery, controlled release.

1. Introduction

The use of nanoparticles as drug delivery systems is already a reality with more than 50 FDA -
approved nanomedicines being used in April-2016, and more to come in the foreseeable future [1].
The use of nanoparticles as delivery systems may provide numerous benefits[2—4], including an
enhanced drug delivery to tumor cells [5,6], controlled release and improved biodistribution [7], all
of which result in a reduction of drug side effects [8,9]. Among polymeric nanoparticles used as
delivery systems, silk fibroin-based nanoparticles (SFN) from the silkworm Bombyx mori have shown
promising results, partly due to their biodegradability, biocompatibility and non-toxicity [10-16].
Their ability to penetratebiological membranes and their high drugloading capacity means that SEN
can greatly improve therapeutic treatments [17,18]. Furthermore, the SFN surface can be
functionalized by attaching recognition molecules for targeted delivery such as peptides or other
small molecules [19,20].

However, if nanoparticles are to be used as drug delivery systems, the amount of loaded drug
must be precisely quantified. Up to date, two approaches aremostly used for this task. They arebased
on a direct and indirect measurement of the drug loading content (DLC) in the nanoparticle. In the
indirect approach [21-25], a fresh loading solution of the drug is prepared and measured before
adding the nanoparticles. The suspension is stirred, and at the end of the loading process [13], the
particles are separated from the loading solution, typically by centrifugation or filtration, and the
remaining drug in the supernatant solution is measured. Finally, the amount of drug in the
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nanoparticles is calculated by a mass balance. However, as high drug concentrations are normally
used for the loading solution, large dilution factors are needed to keep the analyte signal in the
equipment’s operating range (usually UV-visible spectrophotometry or high-pressure liquid
chromatography), adding uncertainty and thus lowering the accuracy and the precision.
Furthermore, this approach cannot be used for independent control of the drug content of the final
product because only the producer will have access to the loading solution. Further still, the drug
content may change upon storage in which case an analysis of the loading solution will be
meaningless.

As for thedirect approach [26-29], thedrugfrom theloaded particles is extracted with a suitable
solvent, then particles aresedimented and the drug in the supernatant is measured. However, it has
been shown that separation methods such as filtration or centrifugation are not always effective for
separating nanoparticles from the liquid phase, leading to errors in spectroscopic measurements
[30,31]. Even so, extracting the total drug loaded is difficult and hard to verify. Moreover, both
methods assumethat the drug absorptionisin the UV-visiblerange and that thereis no interference
with the nanoparticles and their dissociated components that may remain in dispersion after the
separation process.

For these reasons, this work develops a reliable and simple method for directly quantifying
drugs in nanoparticle dispersions/suspensions which can be adapted for use with other types of
nanostructures also. To thebest of our knowledge, thisis the first time that attenuated total reflection
- Fourier transform infrared (ATR-FTIR) spectroscopy has been used for the direct quantification of
the drug-load of nanoparticles. FTIR spectroscopy is a well-established technique within the
pharmaceutical industry with applications ranging from qualitative to quantitative analysis [32-37].
In the latter, its major advantage over UV-visible spectroscopy is that practically all compounds
absorb IR light and can thus beanalyzed. In addition, the IR spectrum typically shows alargenumber
of characteristic absorption bands with limited overlap because they are distributed over a wide
spectral range.

As amodel drug weused SEN loaded with naringenin (NAR), anatural flavonoid [38,39], which
has recently demonstrated its good compatibility with silk fibroin [16]. NAR hasreceived increasing
attention in medicine due to its free-radical scavenging [40], anti-inflammatory [41], and anticancer
properties [42-46]. However, NAR quantification remains a problem, especially when loaded into
protein-based nanoparticles, as its absorption maximum at 289 nm overlaps the absorption of
aromatic amino acids of proteins. The robustness of the proposed method is demonstrated by
consistent results from two different laboratories in a collaboration between the University of Murcia
(UMU, Spain)and Stockholm University (SU, Sweden). The twoinstitutions use different equipment,
and their respectivelatitudes are significantly different meaning that the performance of the method
can be compared at different temperatures and in different climate conditions.

2. Materials and Methods

2.1. Materials

The silk fibroin (SF) used in this study was extracted from white silk cocoons of the silkworm
Bombyx mori reared in the sericulture facilities of IMIDA (Murcia, Spain) with a diet based on fresh
Morus alba L leaves. The intact pupae were hand-extracted from the silk cocoons between two to
seven days after the spinning process toavoid cross-contamination with the worm. Toextract theSF,
silk cocoons were shredded in a mill up to 1 mm particle size, and later boiled in 0.2 N Na2COs
solution for 120 minutes to remove sericin, waxes and impurities. The remaining water -insoluble SF
wasrinsed thoroughly with ultrapurewater and air-dried under a fume hood until constant weight.
NAR was purchased from Sigma-Aldrich (Madrid, Spain) and was used without further purification.
Purified water (18.2 MQ-cm at 25 °C; from a Millipore Direct-Q1 ultrapure water system, Billerica,
MA) was used throughout.
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2.2. Preparation of stock nanoparticle dispersion and drug solution

SFN were prepared as described elsewhere [13][16]. The freeze-dried SFN were dispersed in
Milli-Q water by ultrasonication probe to a final concentration of 20 mg/mL. A stock NAR solution
was prepared in ethanol by stirring vigorously until complete dissolution at a final concentration of
15mg/mL. Throughout this work, all the solutions containingNAR werealways kept protected from
light.

2.3. Calibration samples for NAR in SFN

To calibrate of the ATR-FTIR method, six samples were prepared with a NAR relative mass
(NAR%) of 0.00, 1.06,2.10, 4.11, 6.04, and 7.89 %, calculated as described in equation 1, where mnar
and msen are themasses of NAR and SEN in the NAR/SFN dispersion, respectively.

m
NAR% = NAR

x 100, 1
Myar + Mgpy M

Samples were prepared by adding a fixed volume of SEN stock dispersion, followed by a
variable volume of NAR stock solution and, finally, a variable volume of pure ethanol so that the
total volume was 100 pL. The pure ethanol is added to maintain a constant proportion of 30 %
ethanol, thus ensuring that SEN remained totally dispersed and the NAR totally dissolved. The SFN
mass was kept constantinall the samples and only the NAR mass was increased between samples.
These calibration samples were used to measure the NAR infrared absorption spectrum in the
presence of SFN, which contained contributions from free and loaded NAR. The samples were
prepared freshly every day and measured in triplicateat SUand UMU givinga total of six calibration
lines, all of which wereobtained on different days.

2.4. NAR-loaded SFN samples

To test the drug detection and quantification capabilities of ATR-FTIR spectroscopy, three
samples of SFN were loaded with NAR by SEN incubation in drug solutions with NAR
concentrations 0f0.30, 1.2 and 4.5 mg/mL for 24 h. Samples were named SFNn~ar-0.3 mg/mL, SFNnar-
1.2 mg/mL and SFNnar-4.5 mg/mL, according to the concentration of the drug in the loading solution
and wereprepared in triplicate on different days. The final SFN concentrationin each sample was 14
mg/mL and the final volume of theloading sample 100 puL. As for the calibration samples, theloading
drug solutions contained 30 % ethanol, thus ensuring that SEN remained totally dispersed and the
NAR totally dissolved. Loading SEN/NAR dispersions weresonicated before startingtheincubation
period to ensure homogeneity. After the incubation time, the nanoparticles were centrifuged for 20
minutes at 12.100 x g, after which the supernatant with theunloaded/unbounded drug was removed.
Subsequently, the nanoparticles were washed with 30% EtOH to remove theunbound drug. Finally,
drug-loaded nanoparticles were re-dispersed in milli-Q water by ultrasonication before
quantification of drugloading.

The drug loading content (DLC) and entrapment efficiency (EE) of the SFNnar were calculated
according to thefollowing expressions:

weightofNAR of in the nanoparticle
DLC (%) = x 100, 2
(%) weight of SFNy g 2)

weightofNAR ofin the nanoparticle
EE (%) = : . , . X100, (3)
weight of NAR in loading solution
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In equation 2, the weight of SFNnar is the sum of the masses of NAR and SFN in the loaded
nanoparticles, making it analogous to equation 1. Thus, DLC can be directly read out from our
calibration line.

2.5. Spectra Acquisition and Data Pretreatment

The infrared absorption spectra measured at the Stockholm University were recorded on a
Vertex 70 Fourier-transform infrared spectrometer (Bruker Optics, Ettlingen, Germany) equipped
with a liquid nitrogen-cooled Mercury-Cadmium- Telluride detector and a 1-reflection, 45° angle of
incidence diamond ATR accessory (Platinum, Bruker Optics, Ettlingen, Germany). The equipment
was continuously purged with COz-reduced, dry air. Each measured spectrum was averaged from
300 scans at a data collection rate of 9.38 scans per second.

The infrared absorption spectra measured at the University of Murcia (UMU) were recorded on
an iS5-Nicolet Fourier-transform infrared spectrometer (Thermo Fischer Scientific, Waltham, MA,
USA) equipped with a Deuterated Trigly cine Sulfate detector and a 1-reflection, 45°angle of incidence
diamond ATR accessory (iD7 ATR module, Thermo Fischer Scientific, Waltham, MA, USA). Each
measured spectrum was theaverage of 32 scans at a data collection rate of 0.47 scans per second.

In both cases, interferograms wererecorded at a resolution of 2 cm-! with a zero-filling factor of
2, and Fourier-transformed using the Blackman-Harris 3-term apodization function. A background
spectrum without a sample with the same number of scans was collected before each measurement.
The spectra of the samples wereacquired in the form of dry films by placing2.5 uL of thenanoparticle
dispersion on top of the ATR-crystal and dryingit under a gentle stream of nitrogen before measuring
as described above. The film thickness may have dramatic effects on the resultant ATR spectrum
[47,48]: to obtain reproducible results, the thickness of the dry film must be greater than the
penetration depth of the evanescent waveinto thesample. To ensure this, we placed a piece of plastic
tape on top of the dry film sample, applied pressure with the ATR press, and then took the
measurement. The absence of tape signalsin the spectrum guaranteed that the penetration depth of
the evanescent wave was smaller than the thickness of the dry film and hence that the amount of
sample placed on the ATR crystal was sufficient. This procedure was performed only once, then the
volume and concentration werekept constant for therest of the experimentation.

As a pretreatment for drug quantification, each spectrum was truncated to the region between
1350 and 900 cm-, then a baselinewas subtracted by tracing straightlines between the minima of the
SEN spectrum at 1350,1316,1185,1134 and 900 cm 1. Finally, the absorbance scale was normalized to
1 for theamide IIT band of silk fibroin (1229 cm-1). The 1085 cm-'band of NAR was chosen to quantify
NAR content in SEN because of its high absorption coefficient and its insensitivity to NAR
incorporationinto SFN (see Results and discussion). The calibration samples were used to establish
a correlation between the amount of NAR and the absorbance at 1085 cm-! as described in Results
and discussion.

3. Results and Discussion

3.1. Specificity of ATR-FTIR spectroscopy for identifying drugs in SFN

The specificity of ATR-FTIR spectroscopy was tested by performinga spectral coincidence match
where the spectrum of SFNn~ar-0.3 was compared with the pure NAR spectrum. Before comparing
the two spectra, a SEN spectrum was subtracted from the SFNnar-0.3 spectrum. As a consistent
subtraction ofboth theamidel and amideIl band of SFN was not possible, our compromise criterion
for spectral subtraction, was to obtain a positive and a negative band at the positions of the amidel
and II bands, respectively, while trying to maximize signals from NAR. The OMNIC software V9
(Thermo Fischer Scientific) was used to compare theresulting spectrum and the NAR spectrum both
of which can be seen in Figure 1. The region from 1700 to 1450 cm-! was distorted by the subtraction
of the SEN spectrum due to the presence of the intense amide I and Il bands and was excluded from
the spectral matching. Only the region from 1400 to 1000 cm-! highlighted by the gray area in the
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figure was used for the spectral match. The OMNIC software found a coincidence match of 86%. This
result demonstrates that the drug in the nanoparticles could be identified, even when the drug
concentrationislow.

The result suggests that this approach could also be used with other proteins as drug carriers,
because the absorption of the proteins is relatively weak below 1400 cm -, where the IR spectrum is
highly characteristic of the structure of the molecules. Drugs with an appreciable absorption in this
fingerprint region of the IR spectrum can, therefore, be identified.

86% match

SFNnar-03 minus SFN

— NAR

Normalized ATR-absorbance

I I I I I I |
1700 1600 1500 1400 1300 1200 1100 1000

Wavenumber (cm™)

Figure 1. Specificity of ATR-FTIR spectroscopy for identifying drugs in SFN. In blue, the resulting
spectrum after subtraction of the SENspe ctrum from the SENNAR-0.3 spe ctrum. Inred, the spectrum
of NAR measured from a dried film. The gray rectangle shows the area used for matching.

3.2. Identification of the best marker band for NAR in SFNNar samples

The first step in the quantification process was to identify a strong signal from NAR in the IR
spectrum, with low interference from the silk fibroin matrix, to be used to generate a calibration
curve. In Figure 2a, the spectra of SFN and NAR are presented from 1750 to 900 cm-!. The SFN
spectrum presents theexpected amide I, Il and Ill bands at 1620,1514 and 1229 cm -4, respectively, for
silk fibroin protein [49-51].
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Figure 2. a) Originalinfrared ATR-absorption spectra of SFNand NAR. b) Base-line corrected infrared
ATR-absorption spectra of SFN, NAR and SFNnar-1.2. The SFN and the SFNnar spectra are
normalized to an absorbance of 1 at the maximum of the amide III band at 1229 cm The NAR
spectrum is normalized to anabsorbance of 1 at 1156 cm. All samples were measuredas a dry film
obtained from a 30% EtOH solution. Orange dots indicate the baseline points.

The NAR spectrum presents strong absorption bands positioned at 1633,1609, 1594,1169, 1156,
1085 and 1065 cm-1. The first threebands arise from vibrations comprising different combinations of
C=0 stretching, ring C-Cstretchingand OH bending vibrations[52,53]. Thereader can refer to figure
3 for the structure of NAR. These three bands overlap with the strongamide I band of SFN, making
NAR detection from these signals rather challenging — therefore, they were not taken intoaccount.

OH

HO O

Figure 3. Structure of NAR.

Bands at 1169 and 1156 cm-! arise from a combination of OH and CH: bending vibrations [53].
Neither these bands were considered for quantification, as hydroxyls may interact with the protein
matrix from SEN, which will cause band shifts upon binding of NAR to SFN. Indeed, it can be seen
in Figure 2b that the 1156 cm-! absorption band of NAR is up-shifted by 6 cm-in the spectrum of
NAR-loaded SFN (SFNnar-1.2). As stated above, thisis probably due to hydrogen bonding with the
protein matrix. This fact renders the band unsuitable for quantification purposes because of its
ambiguous spectral position and because of a possible impact of hydrogen bonding on the band
intensity. Finally, the bands at 1085 and 1065 cm-!, which arise from aromatic skeletal vibrations of
the flavone ring [53] of NAR, can also be detected in the SFNn~ar spectrum and are good candidates
for quantification marker bands as no noticeable shift was detected between free and loaded NAR.
However, the latter band is close to a maximum of SFN absorption, which makes it difficult to
distinguish between NAR and SFN absorption. In contrast, the strong and sharp 1085 cm-! band is
located on a slope of the SFN spectrum and can, therefore, be distinguished from it and used for
quantification. For this reason, we decided to use the 1085 cm-!absorption band for quantification.

The next step consisted of identifying a band from the protein matrix that can be used for
normalization. Here, the amide Ill band at 1229 cm-1, which is the strongest signal from SFN in the
1350-900 cm-'region, was used.

With the quantification band from the drug and the normalization band from the nanoparticle
matrixidentified, the spectraneeded to be baseline corrected before further operations. As baseline
points, we selected points at the edges of the spectra (1350 and 900 cm 1), the minima on both sides of
the normalizationband (1316 and 1185 cm-!)and one extra point close tothe quantificationband ata
minimum of the SEN spectrum (1134 cm-!). These are shown as orange dots in figure 2.

3.3. Calibration curve

The next step in the quantification process was to obtain the calibration curve between drugload
and theabsorbanceat 1085 cm-!. This was achieved by analyzing the calibration samples with known
amounts of SFN and NAR. An example of a series of baseline-corrected and normalized spectra of
calibration samples containingan increasing amount of NAR is presented in Figure 4a, in which the
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increasein absorbanceat 1085 cm-as the NAR concentration increases can be clearly seen. Fitting of
the six independent calibration series, three obtained at the University of Murcia and three obtained
at Stockholm University, areshown in Figure 4b. In Figure 4c, one calibration curvewas fitted to all
individual data points. This calibration curve waslater used for quantification purposes in this work.
The signal at 0 NAR% in Figures 4b and 4c stems from SFN absorption. The data werefitted by linear
regression using the least-squares method. For the final calibration curve shown in Fig. 4c, the Y-
intercept was constrained tobeequal totheaverage value of absorbanceat 0 NAR% of the six samples
(this value remained the same even when we included the ten additional measurements of SFN
blanks). Weused this approach tominimize theerror for determininglow NAR loads, which depends
strongly on thestarting point of the calibration curve. Thefitting parameters are collected in Table 1.
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Figure 4. a) Absorbance spectra of SFN with increasing quantities of NAR; b) Six calibration data sets
and their respective calibration lines, three obtained at the University of Murcia and three obtained
atStockholm University. c) Calibration data set including all data points.

Table 1. Calibration curve parameters. The first two columns list the average parameters and standard
deviation (o) for each set of three calibration lines obtained at the University of Murcia (UMU) and
Stockholm University (SU). The third column lists the parameters of the calibration line fitted to all
data points under the constraint of passing through the average value at0 NAR%.

UMU SU All data points
Mean +/-o
Best-fit values
Slope * 0.030+/- 0.002 0.031+/- 0.001 0.029
Y-intercept 0.145+/- 0.009 0.146+/- 0.008 0.152
Goodness of Fit
R2** 0.978+/- 0.007 0.982+/-0.019 0.973

* Slope units are NAR%"

** R2, coefficient of determination

3.4. Parameters for method validation

3.4.1. Range and linearity of the calibration curve

The linearity of the calibration data was good as indicated by the R2 values for the individual
calibration lines and for the single calibration with all data points (Table 1), which are equal to or
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above 0.973. Also, a visual inspection of the residual plot (data not shown) demonstrates a linear
correlation between analytical response and drug concentration over therange of 0 — 7.89 NAR%.

3.4.2. Robustness of the method

The robustness of the analytical method is illustrated by the strong similarities between thesix
calibration lines in Figure 3b measured on different days, in different laboratories and with different
spectrometers. For instance, the SU Bruker spectrometer used a Mercury-Cadmium-Telluride
detector and was continuously purged with CO2-reduced, dry air, whereas, the UMU Thermo Fisher
Scientific spectrometer used a Deuterated Triglycine Sulfate detector and was not purged. Despite
the above, an analysis of covariance performed as described elsewhere [54] showed no significant
differences between the slopes or Y-intercepts of the lines generated at the two institutions with P-
values of 0.92 and 0.18, respectively. The agreement demonstrates amongst others that water vapor
does not interfere with the measurements because the selected NAR band is outside the main region
of water vapor absorption. Therelative standard deviations calculated from the average and standard
deviation of all slopes and Y-axis intercepts are3.8% and 5.2%, respectively.

3.4.3. Limit of detection, limit of quantification and reproducibility (precision) of the method

As defined by the IUPAC Gold Book [55,56], the limit of detection (LOD) and limit of
quantification (LOQ), expressed as concentration or quantity, is the smallest measured value (A), that
canbedetected or quantified, respectively, with reasonable certainty for a given analytical procedure.
Arop and Aroq aregiven by equations (4) and (5), respectively [55,56]:

ALOD = 14_+ 3.30', (4)
ALOQ=14_+ 100', (5)

where A and o are the average and standard deviation, respectively, of the absorbance
measurements at 1085 cm-! for ten independent blank SFN samples, five of which were made at the
University of Murcia and the other five at Stockholm University. The number of ten samples and the
numerical factors of 3.3 and 10 are suggested by IUPAC according to normality and a confidence
level of @ = 0.05 for Aop and Atoq, respectively. The reproducibility of the method is given by the
relativestandard deviation of the blank measurements calculated by equation (6):

o
Reproducibility (%) = yie 100, (6)

The ten spectra used and their absorbance at 1085 cm-! are presented in Figure 5 and the
evaluation is summarized in Table 2. Results for DLCrop, DLCroq and reproducibility are also
collected in Table2. The first twowere calculated by inserting Arop and Arog into the equation for the
final calibration line. This result shows the high sensitivity and precision of the analytical method
developed here.
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Figure 5. Baseline corrected and normalized spectra of the 10 blank SFN samples used for the
calculation of limit of detection (LOD), limit of quantification (LOQ) and reproducibility for the
method.

Table 2. Average (4) and standard deviation (o) of ATR-absorbance at 1085 cm used for the
calculation of limits of detection (Arop and DLCrop), limits of quantification (ALoe and DLCLoq) and
reproducibility for the method according to equations 4-6.

Quantity Value
Average of absorbance
at %085 cm-1(A) 0151
Standard deviation (o) 0.003
Reproducibility (%) 2.0
LOD of absorbance (Arop) 0.161
LOQ of absorbance (ALoq) 0.181
DICrop (%) 0.3
DILCroq (%) 1.0

3.4.4. Accuracy of the method

The accuracy of the proposed method was evaluated by the spike and recovery method [56,57].
First, a calibration samplewith4.11 NAR% relativemass was prepared and divided into two200 uL
aliquots. One aliquot was spiked with5 uL of a 15 mg/mL NAR solution in EtOH to achieve a final
6.51 NAR% relativemass and 5 pL of EtOH were added to the other sample. The infrared spectra of
spiked and unspiked samples wererecorded immediately and therespective DLCs determined from
theabsorbanceat 1085 cm!as described. The accuracy was expressed as therecovery % of the spiked
sample as stated in equation 7. The procedure was repeated 4 times and the results are shown in
Table 3. The small variation of 4% on average from the expected value denotes that the analytical
procedure is accurate and that there are no matrix effects. The small error is within the expected
errors of pipetting, weighing and absorbance measurement.
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DLC,; —DLC ;
Recovery (%) = Spl;\{,:iR(y unspiked 100, (7
Oadded

Table 3. Evaluation of the accuracy of the method for the determination of NAR in SFN.

Sample Recovery (%)
1 103%
2 104%
3 102%
4 106%
Average 104%
Standard deviation 2%

3.5 Drug quantification in NAR-loaded SFN

The DLC and EE of the NAR-loaded SFN samples measured with this method are presented in
Table 4. An increasein the NAR concentration of the loading solution leads to a non-linear increase
in DLC, most of theloading activity taking placeat a low NAR concentration. This has been reported
before and is attributed tosaturation of thedrugbinding sites on the surface of thenanoparticles [15].
By contrast, the EE decreases linearly when the NAR concentration increases.

Notice that the nature of the drug can be identified by infrared spectroscopy even for the
nanoparticles with thelowest drugload (Figure 1, section 3.1, Specificity of ATR-FTIR spectroscopy
for identifying drugs in SFN), although their determined DLC is close to the detection limit as it lies
between the DLCroq and DLCrop.

Table 4. Drug loading content (DLC) and entrapment efficiency (EE) of NAR-loaded SFN are
expressed asmean +/- standard deviation.n=3

Sample DIC (%) EE (%)
Mean +/- o (RSD)
SFNnNar-0.3 0.87 +/-0.07 (8.7%) 41.0 +/-3.0 (7.3%)
SFNNar-1.2 3.13 +/-0.08 (2.6%) 38.0 +/-1.0 (2.6%)
SFNNar-4.5 4.06 +/-0.06 (1.6%) 132 +/-0.2 (1.5%)

*RSD, relative standard deviation

The relative standard deviation of the measured DLC values are noteworthy low for
measurement above the DLCiog of 1.0% (table 4), especially when compared to UV-visible
spectroscopy and high-performance liquid chromatography measurements used by the direct or
indirect methods mentioned in Introduction. Based on our experience, the coefficient of variations
for these methods tend to be much larger, ranging from several percent to over 10%, mostly due to
large dilution of the supernatantsneeded (up to 1:500) and the unreliable phase separation through
centrifugation (data not shown). These large and sometimes unacceptable deviations were the
primary reasons tomotivate this work in the first place. The problems involved willbe discussed in
the following at the example of the SFNn~ar-4.5 mg/mL sample. To calculateits DLC by the indirect
approach, particles need to be separated from the initially 4.5 mg/mL NAR solution after the loading
phase. Assuming a complete removal and an EE is 15% (close to what was obtained here, see table
4), the drug concentration in the supernatant will be close to 3.8 mg/ml corresponding to 85% of the
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total drug feed. Such a high concentration cannot be directly detected with conventional UV -visible
spectrometers. In the case of NAR dissolved in EtOH, an absorbance of 1.0 is achieved with a
concentration of 0.015 mg/mL at 289 nm (10 mm path length cuvette). This means that in order to
bring the concentration of a 3.8 mg/mL sample to the concentration range suitable for UV -Visible
spectroscopy, a 1:250 dilution is needed which carries a high degree of error. Assuming a two-step
dilution — corresponding to four pipetted volumes — and assuming a pipetting error of 2%, the final
concentration error is close to 4%. The situation improves at lower concentrations of the loading
solution were the EE is higher. For example, the SENnar-0.3 sample with an EE close to 50% would
require only a 1:10 dilution. However, only low DLCs are achieved with such low drug
concentrations, whereas high DLCs are the aim of drug producers. Thus, the dilution error of the
indirect approach is highest under the conditions that are most interesting from a drug
manufacturing point of view, whereas they are lowest for the direct method presented in this work.
Furthermore, the separation of SEN from the NAR loading solution is ineffective. Control samples
containing1 mg/mL of SFN dispersed in 30% EtOH, had an absorbance greater than 0.100 at 289 nm
after attempted separation of SEN from the solution phase by centrifugation for 30 minutes at 13.400
rpm. The absorbance stems from the nanoparticles and adds up to the absorbance of the drug in a
quantification experiment, making the apparent absorbance of the drug larger than it actually is. This
generates a systematicerror, whichis particularly pronounced at low NAR%. This error exists in all
cases where the measured spectroscopic signal of the drug overlaps with absorption of the
nanoparticle carrier. Then, the indirect approachis prone to errorsin the entire concentrationrange
of the drug, either due to incomplete separation of drug from nanoparticles at low drug
concentrations or due to dilution errors at high drug concentrations.

section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation as well as the experimental conclusions that can be
drawn.

4. Conclusions

A straightforward, economic and fast method for drug quantification in nanoparticles was
developed using ATR-FTIR spectroscopy of dry films. The method presents excellent linearity in the
range of 0.00 to 7.89 NAR% despite the low drug concentrations. The DLCrop and DLCroq were 0.3
and 1.0%, respectively, for NAR in SFN. Reproducibility in terms of relative standard deviation after
measuring 10 blank samples was 2.0%. The method was seen to be robust as calibration lines
measured in two different institutions showed nostatistical differences.

The methodology developed here is less susceptible to the over- or underestimation of DLC
using conventional direct and indirect approaches [30,31] and can be easily extrapolated to other
drug-loaded SEN and even to other polymeric nanocarriers. Furthermore, it can operate on the final
drug product without theneed to haveaccess to the loading solution. Here, itis faster than the direct
approach because it does not require drug extraction and phase separation.

In the present case, a simple evaluation of the absorbance at one particular wavenumber was
sufficient for quantifying a drug in protein nanoparticles. Other drugs and carrier systems might
present more challenging cases and require tailored approaches for the evaluation. These could
consist of considering (i) the signal at several wavenumbers toeliminate the protein contribution to
the measured signal, (ii) the second derivative of absorbance for a better separation of drug and
proteinbands, and (iii) the use of multivariatestatistical methods toidentify relevantspectralregions
and to establish calibration models. However, in all cases, it would be beneficial to base the
quantification on drugbands which arelittleaffected by theenvironment, i.e.bands which are caused
by vibrations with small contributions from functionalgroups able tointeract with the protein matrix.
For thisreason, we used the band of a skeletal aromatic vibration at 1085 cm-1and discarded the use
of thestronger OH band at 1156 cm-!, which shifted when the drug was incorporated into the protein
matrix.
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