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Abstract: In order to quantify the amount of drug molecules in drug delivery systems, analytical
techniques such as high-performance liquid chromatography are used due to their accuracy and
reliability. However, the instruments required for such techniques are expensive and not available
in all laboratories. Therefore, in this study, we introduce a method that can be a relatively
inexpensive and easy to perform drug analysis in almost any laboratory set-up. We have devised the
“average-weight-difference method” within the limits of existing spectral analyses. By employing this
method, we quantitatively analyzed the amount of isoniazid or doxorubicin molecules loaded onto
β-glucan nanoparticles. This proved to be a relatively simple and reliable method and can be used to
estimate the amount of nanoscale biomolecules before their analysis through expensive equipment in
an environment where the instruments are not readily available.

Keywords: quantitative analysis; β-glucan; isoniazid; doxorubicin; UV/Vis spectrometry;
fluorescence spectrometry

1. Introduction

To date, extensive studies on drug delivery systems using polymers with excellent
biocompatibility and decomposition in vivo have been conducted [1–3]. However, quantitative
analysis, which measures the content of the drug that is loaded inside the drug delivery carrier,
is as important as the successful loading of the drug and delivery to the target. To analyze the drug
load, conventional analytical techniques, such as high-performance liquid chromatography (HPLC),
liquid chromatography–mass spectrometry (LC/MS), and gas chromatography–mass spectrometry
(GC/MS), can be used [4]. These analytical techniques have excellent accuracy, precision, and detection
limits, but they have a drawback in that their preprocessing takes a long time and the costs for
analysis, constructing the equipment, and maintenance are very high. On the other hand, quantitative
analysis methods for measuring the content of drugs loaded in nanoparticles relatively easily include
instrumental analysis using an ultraviolet–visible (UV/Vis) spectrophotometer [5,6] and a fluorescence
spectrophotometer [7,8]. The linearity of the calibration curve for the standard substance is evaluated
and defined as the concentration of the analyte in terms of the absorbance and fluorescence intensity
along the y-axis and the x-axis as the concentration. This sets the measurable range. The correlation
coefficient (R2) is used to express the linearity, and it is said that it has linearity when the correlation
coefficient value is usually 0.995 or more [9]. Based on this, the concentration relative to the measured
value of the unknown drug that is loaded in the drug delivery carrier can be calculated. However,
in the case of UV/Vis absorption spectroscopy, the absorption band overlaps or interferes with the

Appl. Sci. 2019, 9, 130; doi:10.3390/app9010130 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-3678-2078
https://orcid.org/0000-0001-6804-741X
http://www.mdpi.com/2076-3417/9/1/130?type=check_update&version=1
http://dx.doi.org/10.3390/app9010130
http://www.mdpi.com/journal/applsci


Appl. Sci. 2019, 9, 130 2 of 10

mixture depending on the material, and simultaneous quantification is often difficult in this case. Thus,
it is necessary to separate and purify only the target component, and it is easy to cause loss and error of
the sample in this process [10–12]. Furthermore, if the analyte is not fluorescent, it cannot be analyzed
with a fluorescence spectrophotometer. On the other hand, prior to the development of these analytical
methods, researchers have attempted quantification by weight analysis because it is faster and less
labor-intensive. Gravimetric analysis can be used to determine the amount of material to be analyzed
by sedimenting, drying, and weighing the target analyte [13].

In this study, drug delivery nanoparticles (GluNP) were prepared from β-glucan polysaccharides
reported to have immunostimulatory activity. It was confirmed through SEM and FT-IR analysis
that it succeeded in loading non-fluorescent isoniazid (INH), a therapeutic agent for pulmonary
tuberculosis. However, as described above, since the absorption bands of UV/Vis absorption spectra
between synthesized GluNP/INH β-glucan and isoniazid overlap, quantitative analysis through basic
instrumental analysis has been limited.

As a method for solving these problems, in this study, the degree of drug loading was calculated
by averaging the weight difference between the drug-loaded test group and the untreated control
group under the same conditions. We have devised the “average-weight-difference method”, which
allows a simple and quick quantitative analysis at a relatively low cost. The target drug was replaced
with doxorubicin (DOX), a fluorescent anticancer drug, and the result of the measurement with
the average-weight-difference method was compared with that of UV/Vis spectrophotometry and
fluorescence spectrophotometry. In the case of DOX, the UV/Vis absorption peak of DOX alone
was observed at 481 nm, and compared to isoniazid, it was easier to quantitate DOX by assigning its
UV/Vis absorption peak after loading DOX on the β-glucan nanoparticle. This approach may be useful
for pre-screening quantitative assays before using expensive equipment for the exact quantification of
nanoscale biomolecules in drug delivery applications.

2. Materials and Methods

2.1. Materials

Zymosan A (β-glucan, Glu) from Saccharomyces cerevisiae (Z4250), isoniazid (INH), doxorubicin
hydrochloride (DOX) dimethyl sulfoxide (DMSO), and all other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA) unless indicated otherwise. A CE dialysis device (SPEG 235029)
was purchased from Lab-Supply.

2.2. Synthesis of GluNP/Drug (INH and DOX)

GluNP was prepared according to the previously reported method with a minor modification [14,15].
In brief, glucan powder (Glu, 5 mg) was first dissolved in 1 mL of DMSO at 60 ◦C for 5 h with stirring
to change the triple strands of Glu into random single strands. Then, the targeted drug (5 mg of INH,
1 mg/mL of DOX solution) was added and the mixture was stirred for 2 h at room temperature. After
that, it was placed in an ultrasound bath for 1 h to make the nanoparticles. Dialysis was performed
against deionized (DI) water at 4 ◦C for 3 days to remove free drugs (molecular weight cut-off: 1.4 kDa).
After dialysis, all samples were harvested from a dialysis tube and transferred to 1.5-mL microtubes.

We then tried to centrifuge the mixture at 10,000× g for 30 min. Finally, the mixture was
freeze-dried and stored at 4 ◦C until further use.

2.3. Characterization of GluNP/INH

GluNP and GluNP/INH were characterized by SEM analysis. GluNP and GluNP/INH were
placed on a silicon wafer followed by air drying. SEM images were taken by field-emission scanning
electron microscopes (FE-SEM) from Carl Zeiss with Pt coating. Surface functional groups of the
samples were analyzed by FT-IR spectroscopy.
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2.4. Quantification Analysis

2.4.1. Average Weight Difference

Sartorius Quintix125D-1SKR (Göttingen, Germany) was used for the average-weight-difference
method. To minimize the error in the weight measurement between the drug-loaded test group and the
untreated test group, the tube weight of the test group before the experiment was first measured. Before
the synthesis, the weight of the tube for the drug delivery carrier to which the drug was added as a
target substance and the tube for the drug delivery carrier without the drug was respectively measured.
After that, all the experimental synthesis reactions proceeded in the previously measured tubes, and
all of the experimental groups with and without the drug were subjected to the same conditions except
for the addition of the drug. After completion of the dialysis, the test group was transferred to the
previously measured tube, freeze-dried for two days, and completely dried. The weight of the test
group with the tube was measured, and only the test group was weighed by subtracting the weight of
the previously measured tube. The drug-loaded experimental group and the untreated experimental
group were each made under the same conditions, and the weight of the drug alone was obtained by
subtracting them from each other. The drug amount was quantified by calculating the average of these.

2.4.2. UV/Vis Spectroscopy

The total volume of each experimental group was 1 mL. A standard calibration curve with a
correlation coefficient of 0.99 or more was obtained for the reference material (INH, DOX) to be
quantified. The drug amount in the carrier was quantified by analyzing the absorbance of the carrier
containing the drug and assigning it to the standard calibration curve. The UV/Vis spectrometer used
was a BioMate™ 3S Spectrophotometer from Thermo Fisher Scientific (Seoul, Korea).

2.4.3. Fluorescence Spectroscopy

The total volume of the experimental group to be used was 100 µL. Fluorescence analysis was
performed at an excitation wavelength of 490 nm and an emission wavelength of 590 nm [16]. In the
case of DOX, it was difficult to obtain a linear standard calibration curve at a concentration of
100 µg/mL or more due to the self-quenching phenomenon. A standard calibration curve of 0.99 or
more was obtained at 0.8 to 12.5 µg/mL (1/2 serial dilution). Fluorescence analysis was performed
by taking 100 µL of the same concentration of the remaining sample after the UV/Vis absorbance
analysis and diluting it to half, falling into the range of the standard calibration curve. The fluorescence
analyzer used was a Synergy H1 hybrid reader from BioTek (Winooski, VT, USA).

3. Results and Discussion

In a normal condition, the β-glucan polysaccharide, which has a triple-stranded structure, can
be dissolved in DMSO, and its structure changes to a single-stranded form as the hydrophobic
and hydrogen bonds are broken. When it is returned to pH 7, it has the characteristic of
returning to its original triple-stranded structure (this process is called the renaturation process) [17].
In this renaturation process, ultrasound treatment can be used to produce β-glucan self-assembled
nanoparticles of 800 to 900 nm (Figure 1) [18]. To load the drug into these nanoparticles, drugs such
as INH and DOX are added to the process of β-glucan returning from the single-stranded to the
triple-stranded structure. During the renaturation process, the drug can aggregate with β-glucan and
be loaded into nanoparticles (Figure 1). To confirm the loading of the drug in the β-glucan particle,
surface characterization was carried out by FTIR analysis. The INH amide bond, which was not found
in a neat GluNP at 1625 cm−1, was found in GluNP/INH, indicating that the drug was successfully
loaded in GluNP.



Appl. Sci. 2019, 9, 130 4 of 10

Figure 1. Characterization of β-glucan nanoparticles (GluNP). (A–C) Scanning electron microscopy
(SEM) images of GluNP and drug-loaded GluNP: (A) Control; Scale bar = 2 µm, (B) isoniazid-loaded
β-glucan nanoparticles (GluNP/INH); Scale bar = 10 µm, (C) GluNP/doxorubicin (DOX); Scale
bar = 3 µm, (D) Fourier transform infrared spectroscopy (FTIR) analysis of synthesized GluNP/INH,
(E) lyophilized GluNP samples (left; control-GluNP, middle; GluNP/INH, right; GluNP/DOX).

A standard curve of absorbance and a simple linear relationship between the various
concentrations were established based on the range of wavelengths with the maximum absorbance or
fluorescence intensity for the sample to be identified. It can be relatively easily quantified by inversely
calculating the concentration versus absorbance or fluorescence intensity for an unknown sample.
In this study, the UV/Vis absorbance of INH at different concentrations was also confirmed to use
this method. In the case of INH, when the concentration was higher than the specific concentration,
broadening of the absorbance peak appeared and measurement was impossible. Therefore, it is
difficult to select a suitable absorption band for separating one component (e.g., INH) from the mixture
(Glu/INH). The highest absorbance peak was observed at 264 nm for the lowest concentration of
Glu/INH (Figure 2A) [19]. On the other hand, GluNP had a broad absorption band of 260 to 300 nm,
which was superimposed on the absorption band of INH, and there was a limit to the quantitative
analysis of individual components (Figure 2B).

Figure 2. UV/Vis absorbance of β-glucan nanoparticles (GluNP), isoniazid (INH) and isoniazid-loaded
β-glucan nanoparticles (GluNP/INH) dissolved in deionized water. (A) Aspects of INH absorbance at
different concentrations. For higher concentrations above 0.10 mg/mL, it forms a broad band gradually
and has a maximum absorbance of INH at 0.10 mg/mL to 264 nm. (B) Comparison of absorbance of
GluNP and GluNP/INH. It is difficult to quantify INH since the spectra of GluNP and INH overlap.
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In this study, the quantitative determination of unknown samples using absorbance or
fluorescence analysis could not be employed. It is difficult to quantify the INH by absorbance
measurement due to the overlap of their peaks with those of Glu, which is a drug carrier of this study.
Also, since INH has no fluorescence peaks, it is not possible to quantify them through fluorescence
measurements. Therefore, the quantitative analysis of unknown samples was attempted by applying
the weight analysis method. As shown in Figure 3, drug-loaded and empty particles were synthesized
under the same conditions. After final centrifugation, the target components were precipitated and
lyophilized to weigh the two experimental groups precisely. The average-weight-difference method
was developed to calculate the average difference between the two, through sufficient experimental
repetition to determine the amount of the drug that is loaded in the carrier nanoparticles.

Figure 3. Spectrophotometric method for quantitative analysis of microscopic samples. (A) Schematic
description of employing the average-weight-difference method for the analyses of drug molecules
loaded onto Glu particles. (B) Schematic introduction of UV/Vis absorption spectrometry analysis for
unknown samples. (C) Schematic introduction of fluorescence spectrometry analysis for unknown
samples. (D) Quantitative analysis of unknown samples according to each method and comparison
with average-weight method.

To quantify the amount of INH successfully loaded in GluNP in this study, the
average-weight-difference method was used, as shown in Figure 4. In the experiment, we first
weighed a 1.5-mL microtube, and after the synthesis was completed for two experimental groups of
drug-free test material (GluNP, Figure 4B) and drug-loaded test material (GluNP/INH, Figure 4A),
they were completely dried through lyophilization. For each experiment, GluNP/INH and GluNP
samples were synthesized three times. After the weight of the samples was precisely measured, the
weight of the compound in the tube (GluNP/INH or GluNP) was determined by subtracting the
weight of the tube from the experimental group. The content of unknown drug in the drug delivery
carrier was calculated by the following equations (Equations (1)–(3)). The weighing process was
repeated to reduce measurement error and ensure reliability (Figure 4).
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Glu/INH total content, Ai (mg)
= (Initial test tube weight before reaction + Glu/INH sample weight after freeze drying)
− Initial test tube weight before reaction

(1)

Glu total content, Bi (mg)
= (Initial test tube weight before reaction + Glu sample weight after freeze drying)
− Initial test tube weight before reaction

(2)

INHaveragecontent (mg) = [∑n
i=1(Ai − Bi)]/n (n = 3) (3)

Figure 4. Determination of INH amount loaded onto β-glucan nanoparticles by average-weight-
difference method. (A) Multiple weighing results of Glu/INH. (B) Multiple weighing results of
empty nanocarriers, β-glucan nanoparticles. (C) Confirmation of the average weight values of INH
through 6 repeated experiments. (D) The mean value of each experimental group (Number of repeated
experiments = 6).

Six repeated experiments were carried out to confirm the experimental results. The amount of
INH in the Glu drug delivery system was 0.1731 mg with a deviation of 6.7%. The environmental
factors such as humidity, temperature, or static electricity during the weight measurement may lead
to the loss of sample, which may lead to errors in calculating the average weight difference between
the sample loaded with the drug and the original sample. Therefore, this average weight difference
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method can be used to estimate the loaded amount of the drug relatively easily at a low cost, but it is
also necessary to consider measures to minimize the preceding environmental factors.

We sought to confirm the reliability of the quantitative analysis of the average-weight-difference
method to overcome the difficulty of measuring the amount of INH loaded in the GluNP. DOX has
relatively high absorbance and fluorescence peaks, so weight determination based on this is relatively
easy. Therefore, we compared the difference between the weight obtained from the absorbance or
fluorescence measurement and the result obtained by the average-weight-difference method after
loading DOX into GluNP. When the DOX that was loaded into GluNP was diluted to a concentration of
250, 125, 62.5, 31.25, or 15.62 µg/mL and its UV/Vis absorption was measured, peaks were observed in
the wavelengths ranging from 231 to 235 nm, 250 to 254 nm, and at approximately 481 nm. To avoid an
overlapping absorption band with GluNP, a maximum absorbance value at 481 nm was selected and a
standard calibration curve with a correlation coefficient (R2) of 0.99 or more was obtained (Figure 5A).
DOX is commonly excited at 475 nm and emits at 590 nm [20]. When the fluorescence intensity
was measured at the concentrations of 1000, 750, 500, 250, and 100 µg/mL of DOX, the fluorescence
intensity was lowered. It is due to the self-quenching of DOX fluorescence as the concentration of
DOX increased, resulting in the non-linear relationship between the concentration and fluorescence
intensity [21]. Therefore, fluorescence intensities were measured again at concentrations of 12.5, 6.3, 3.1,
1.6, and 0.8 µg/mL of DOX, and a standard calibration curve with a correlation coefficient (R2) of 0.99 or
more was obtained (Figure 5B). When GluNP/DOX was dispersed in DI water and analyzed according
to UV/Vis absorbance and fluorescence spectrophotometry, the results were as shown in Figure 5A,B.
It had a maximum absorbance value of 0.502 on average at 481 nm (Figure 5C), which could be
distinguished from the absorbance of GluNP. The sample was excited at 475 nm and had an average
fluorescence intensity of 21,612 when measured at a 590-nm wavelength (Table 1). The concentration
of DOX was compared with that of the average weight determination method using the standard
calibration curves of each method. The DOX amount was first quantified by GluNP/DOX samples
using the average-weight-difference method. The sample was then immediately dissolved in DI water,
and the DOX amount was measured by instrumental analysis. Table 1 and Figure 5D show that the
DOX amount obtained by the average-weight-difference method for each sample (GluNP/DOX and
GluNP, n = 3) was 20.55 µg. The fluorescence analysis showed a 16.7% difference (24.615 µg) and the
UV/Vis spectrophotometric method showed an 11.7% (23.211 µg) difference compared with the result
from the average-weight-difference method. There was no significant error between the quantitative
analyses of the UV/Vis and fluorescence spectrophotometry methods. However, the quantitative
analysis of the average-weight-difference method was significantly different from the instrumental
analyses. The reason for this difference is that nanoparticle samples were often lost in the course of the
experiment and weighing processes, as mentioned above [22,23].

Table 1. Assessment of the doxorubicin amounts by three methods in GluNP/DOX.

n

Average Weight Fluorescence
(ex 490, em 590)

Absorbance
(481 nm)

GluNP/DOX
Weight
(g, 1©)

GluNP
Weight
(g, 2©)

Average
Weight

Difference
(µg, 1©- 2©)

Intensity
Amount
of DOX

(µg)
Absorption

Amount
of DOX

(µg)

1 0.7887 0.76695 21.75 21145.3 24.007 0.4935 22.610
2 0.7948 0.77567 19.13 22458.7 25.717 0.5147 24.066
3 0.8087 0.78792 20.78 21232.2 24.120 0.4990 22.988

Average 0.7974 0.776847 20.55 21612.1 24.615 0.5024 23.221
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Figure 5. Comparison of the results of the average-weight-difference method and the spectral method
for the quantitative analysis of DOX loaded in Glu. (A) Standard calibration curve of DOX (peak at
481 nm) obtained from UV/Vis absorbance spectra. (B) Standard calibration curve of DOX obtained
from fluorescence spectra (Ex. 490 nm, Em. 590 nm). (C) UV/Vis absorbance spectra for GluNP/DOX.
((D), Table 1) Comparison of the results of the average-weight-difference method with the results of
absorbance or fluorescence analysis (n = 3).

4. Summary

In this study, we devised an average-weight-difference method to estimate the number of
nanoscale samples in an environment where the universal quantitative analysis method could
not be applied. As an example, the case of a drug molecule, INH, which does not have a
distinctive characteristic of absorbance or fluorescence spectrum, was tested. We compared the
results of quantitative analysis according to UV/Vis absorbance and fluorescence with those of the
average-weight-difference method with DOX and confirmed the reliability of the proposed method.
As a result, there was no significant error in the quantification results of the target drugs between the
instrumental analysis methods, but the instrumental analysis results and the average-weight-difference
method results were found to be significantly different. However, the errors that occurred in the
average-weight-difference method have had many external factors leading to the loss of the number of
samples during the experiment. In addition, the current method should be carefully considered for
small sized (e.g., below 200 nm in diameter) or for low concentrated samples (e.g., below 1 mg/mL)
since the measurement errors might be increased. If the protocol can be standardized to solve this
problem, this average-weight-difference method can be used as a draft-estimating tool to measure the
drug amount loaded in the drug delivery system. Therefore, the future aim of the study is to find a
way to improve the practicality of the average-weight-difference method.
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