
Academic Editor: Valentina Onnis

Received: 1 December 2025

Revised: 12 December 2025

Accepted: 19 December 2025

Published: 22 December 2025

Copyright: © 2025 by the authors.

Published by MDPI on behalf of the

Österreichische Pharmazeutische

Gesellschaft. Licensee MDPI, Basel,

Switzerland. This article is an open

access article distributed under the

terms and conditions of the Creative

Commons Attribution (CC BY) license.

Article

New Horizons in Quality Control of Enzyme Pharmaceuticals:
Combining Dynamic Light Scattering, Fourier-Transform
Infrared Spectroscopy, and Radiothermal Emission Analysis
Gleb Vladimirovich Petrov * , Aleksandr Andreevich Nazarov , Alena Mikhailovna Koldina
and Anton Vladimirovich Syroeshkin

Department of Pharmaceutical and Toxicological Chemistry, Peoples’ Friendship University of Russia
(RUDN University), 6 Miklukho-Maklaya St., Moscow 117198, Russia; koldina_am@pfur.ru (A.M.K.)
* Correspondence: petrov_gv@pfur.ru

Abstract

Hyaluronidase and its modified analogs are clinically significant enzyme-based pharma-
ceuticals used to treat fibrosis, increase tissue permeability, and improve drug diffusion.
While pharmacopeial quality control methods are well defined, scientific literature provides
limited information about the physicochemical evaluation of such enzyme pharmaceuti-
cals, necessitating a more holistic analytical approach. Commercial pharmaceuticals of
hyaluronidase and its modified analog were analyzed using a combination of dynamic
light scattering, infrared spectroscopy, and detection of intrinsic radiothermal emission
(RTE). Dimensional characteristics were studied using a Zetasizer Nano ZSP (Zetasizer-
Nano ZSP, Malvern Instruments, Malvern, UK) confirmed theoretical diameters of 5–8 nm,
consistent with experimental values (6–8 nm). Fourier-Transform infrared spectroscopy
(FTIR) (Agilent Cary 630, Agilent Technologies, Santa Clara, CA, USA) revealed char-
acteristic transmission bands for the modified enzyme at 1464, 1448, 1326, 1158, and
1010 cm−1, confirming structural modification. RTE measurements using a TES-92 de-
tector (TES Electrical Electronic Corp., Taipei, Taiwan) demonstrated a correlation be-
tween emission intensity and shelf life: 12.8 ± 0.8 µW/m2 for proper shelf-life samples,
8.3 ± 0.8 µW/m2 for six-month-expired, and 5.1 ± 1.0 µW/m2 for one-year-expired phar-
maceuticals. The study offers a promising supplementary tool for pharmaceutical quality
control of hyaluronidase-based drugs.

Keywords: hyaluronidase; azoximer-conjugated hyaluronidase; dynamic light scattering;
IR-spectroscopy; radiothermal emission; quality control

1. Introduction
1.1. Structure, Biochemistry, and Physiological Role of Hyaluronic Acid: A Bridge Between Health
and Disease

Hyaluronic acid (HA), otherwise referred to in scientific literature as hyaluronan,
represents a significant biochemical structure in the human body, contributing to a variety
of biological processes. Analyzing its chemical structure, the compound is categorized as a
non-sulfated glycosaminoglycan, whose macromolecule is formed by repeating disaccha-
ride units, specifically N-acetyl-D-glucosamine and D-glucuronic acid. These monomeric
units are sequentially linked together by alternating β-(1→4) and β-(1→3) glycosidic
bonds [1,2] (Figure 1).
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Figure 1. Structural and molecular formula of hyaluronic acid.

From a biochemical perspective, the hallmark of hyaluronan is its high molecular
weight, which can fluctuate within a substantial range—from 103 to 107 Da. A well-
illustrated example of this phenomenon is hyaluronan in human synovial fluid, which has
a molecular weight of approximately 7 × 106 Da [3]. These high molecular weights directly
determine the unique rheological characteristics of this biopolymer, among which its high
viscosity and ability to bind water are particularly noteworthy [4]. The hydrophilicity of
HA is contingent upon its chemical structure, specifically the prevalence of hydrophilic
functional groups, including hydroxyl, carboxyl, and acetamide groups, within its molec-
ular structure. The mechanism of hydration is characterized by the effective formation
of multiple intermolecular hydrogen bonds between H2O molecules and carboxyl and
acetamide groups of the polymer chain [5] (Figure 2).

Figure 2. Visualization of hyaluronic acid’s mechanism of hydration (the chemical formula of
hyaluronan was obtained using MolView® software version 2.4. https://molview.org (accessed on
9 December 2025).

Moreover, molecular weight is also a factor determining the diversity of physiological
and biological functions of hyaluronan. A marked “structure–property” relationship is
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observed. High-molecular-weight HA fractions with a mass exceeding 1 × 106 Da have
been shown to possess significant anti-inflammatory [6], barrier [7], and antioxidant proper-
ties [8]. Conversely, low-molecular-weight fragments (<500 kDa) formed as a consequence
of biodegradation exhibit distinctly divergent biological activity. These molecules have
been demonstrated to stimulate processes such as cell proliferation and migration [9,10],
induce angiogenesis [11], and act as ligands for Toll-like receptors, thereby potentiating the
activation of both the innate and adaptive immune responses [12,13].

An imbalance between the synthesis and catabolism of hyaluronan has been demon-
strated to play a significant role in the development of a wide range of pathologies, in-
cluding fibrotic conditions, oncology, osteoarthritis, and various autoimmune diseases. In
certain cases, the pathogenesis of the condition has been linked to excessive hyaluro-
nan synthesis. Consequently, in fibrotic conditions (liver, lungs, kidneys), increased
expression of hyaluronan synthases and a simultaneous decrease in the activity of en-
dogenous hyaluronidases capable of cleaving β-1,4 glycosidic bonds of HA have been
identified [12,14,15] (Figure 3). This results in the accumulation of high-molecular-weight
forms of HA and the formation of an excessive extracellular matrix. This, in turn, disrupts
tissue architecture, impedes the normal diffusion of oxygen, nutrients, and drugs, and
contributes to the activation of fibroblasts and the progression of fibrosis [16]. In idiopathic
pulmonary fibrosis, increased hyaluronan content has been demonstrated to correlate with
the degree of alveolar septal thickening and the severity of respiratory failure [17,18], and
in liver cirrhosis, serum HA levels have been utilized as a biomarker of disease stage and
fibrogenesis activity [19].

 

Figure 3. The mechanism of interaction between hyaluronidase and hyaluronic acids, which involves
the cleavage of the β-1,4 glycosidic bond and the formation of disaccharide fragments.

Analogous processes have been observed in the field of oncology, where high expres-
sion of hyaluronidase and accumulation of HA in the tumor microenvironment create a
barrier for immune cells and anticancer drugs, increasing resistance to therapy [20,21]. In
particular, excess hyaluronan has been observed to be associated with an invasive tumor

https://doi.org/10.3390/scipharm94010002

https://doi.org/10.3390/scipharm94010002


Sci. Pharm. 2026, 94, 2 4 of 19

phenotype, increased angiogenesis, and an unfavorable prognosis in breast and pancreatic
cancer [22,23]. Furthermore, the accumulation of HA in the tumor matrix contributes
to hypoxic remodeling of the microenvironment, enhancing the expression of hypoxia-
inducible factor-1α and promoting the progression of the malignant process [12,24]. In
this context, the application of hyaluronidase enzymes as a component of combination
therapy is regarded as a promising pharmacological approach for the destruction of the
pathological matrix, the enhancement of tissue permeability, and the augmentation of the
effectiveness of cytostatics [25–27].

In contrast, an excessive degradation of hyaluronan has been observed in cases of
hyperactivation of endoglycosidases or alterations in the local inflammatory microenviron-
ment. The most characteristic example is osteoarthritis, in which hyaluronan in the synovial
fluid is destroyed, leading to a decrease in its molecular weight and concentration [28,29].
This is accompanied by a decrease in the viscoelastic properties of the synovium, a decrease
in the lubricating function of the joints, activation of pro-inflammatory cytokines, and
increased pain syndrome [29]. A comparable process has been observed in rheumatoid
arthritis, where low-molecular-weight fragments of HA act as “danger molecules,” activat-
ing Toll-like receptors and perpetuating chronic inflammation [30]. In addition, despite the
previously described oncological processes mediated by excessive HA synthesis in vivo,
there are a number of scientific studies noting the effect of hyaluronan degradation by en-
doglycosidase cleavage, which in turn is associated with the development of glioblastoma,
the most aggressive oncological disease of the central nervous system [31].

Contemporary therapeutic strategies are designed to address both of these patho-
genetic scenarios. In cases of excessive hyaluronan synthesis, enzyme therapy with
hyaluronidase pharmaceuticals is used to destroy the pathological matrix and restore
tissue permeability. Conversely, in instances of deficiency, replacement therapy employing
sodium hyaluronate preparations is implemented [32,33]. Consequently, pharmacological
strategies aimed at regulating hyaluronan levels can be considered a pathogenetically
justified approach for correcting disturbed tissue processes and restoring extracellular
matrix homeostasis.

1.2. Contemporary Biopharmaceuticals Based on Hyaluronidase

The present pharmaceutical industry employs the enzyme hyaluronidase as an ex-
cipient due to its properties, such as increasing tissue permeability and improving the
absorption of drugs. The utilization of hyaluronidase as an adjuvant in the context of
infiltration anesthesia has been documented [34]. Since the 2010s, the effectiveness of
hyaluronidase as a delivery agent for cytostatics has been the subject of extensive research.
At the present time, a number of antineoplastic pharmaceutical preparations containing
hyaluronidase as an additional active ingredient are commercially available on the phar-
maceutical market [35,36]. This enzyme has also gained the most popularity in the field of
aesthetic medicine. The necessity for hyaluronidase emerged in response to the established
demand for hyaluronan-based aesthetic fillers, which resulted in a number of complications,
including oedema, infections, and, in certain cases, tissue necrosis [34].

However, the use of hyaluronidase extends beyond its application as an adjuvant, a
drug delivery agent, or a form of “first aid” within the domain of aesthetic medicine. The
contemporary pharmaceutical market proffers pharmaceuticals comprising hyaluronidase,
wherein the enzyme functions as the primary active ingredient. These include lyophilized
hyaluronidase of animal origin and modified by azoximer hyaluronidase (Table 1).
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Table 1. Comparative characteristics of hyaluronidase pharmaceutical and its conjugate with
azoximer.

Characteristics Hyaluronidase Azoximer-Conjugated
Hyaluronidase

Dosage form Lyophilizate Lyophilizate and suppositories
Dosage 1280 IU 3000, 1500 IU

Half-life Up to 48 h Up to 84 h (suppositories), up to
45 h (lyophilizate)

Molecular weight ~60–200 kDa * ~100–180 kDa *
Stability Sensitive to pH and/or T ◦C Stable

Pharmacotherapy
Dermatology, Ophthalmology,
Surgery, and Improvement of

absorption of other drugs

Urology, Gynecology,
Dermatology, Surgery,

Pulmonology
* The molecular weight may vary depending on the method of hyaluronidase synthesis.

Lyophilized conventional hyaluronidase is a purified enzyme with a molecular weight
range of 60 to 200 kDa (depending on the synthesis method), with a short therapeutic
action, and sensitivity to changes in pH and temperature [37].

Modified hyaluronidase is an enzyme covalently bound to a biocompatible water-
soluble polymer, azoximer (1,4-ethylenepiperazine N-oxide and (N-carboxymethyl)-1,4-
ethylenepiperazinium bromide) [38]. In this case, the polymer plays a protective role,
shielding the active substance from biodegradation and the effects of high temperatures.
As a consequence, the therapeutic effect of the drug is prolonged, and its stability during
storage is increased.

1.3. Quality Control of Hyaluronidase Pharmaceuticals: Contemporary Approaches and Challenges

A review of contemporary scientific literature reveals a notable absence or paucity of
scientific studies on the quality control of hyaluronidase-based drugs. The principal studies
concentrate on the enzymatic activity, apyrogenicity, and the absence of impurities in
finished dosage forms. One scientific paper describes a study of the quality characteristics
of a hyaluronidase-based nano-object. The paper discusses approaches such as dynamic
light scattering (DLS), ζ-potential, UV–visible spectroscopy, and transmission electron
microscopy [39]. However, it would be incorrect to assert that these methodologies are
directed towards the study of native hyaluronidase, given that the study itself described
hyaluronidase immobilized on the surface of silicon nanoparticles. A number of articles
also mention the use of IR spectroscopy to study the effect of the enzyme on proteins [40,41].

In the contemporary context of pharmaceutical chemistry, ensuring the high effi-
cacy and safety of the final pharmaceutical products constitutes a fundamental task. In
light of the limited number of scientific papers dedicated to the direct quality control of
hyaluronidase-based drugs, this paper puts forward a contemporary combined approach
to controlling the quality characteristics of classical and modified hyaluronidase drugs.
This approach combines DLS, IR spectroscopy analysis, and an express quality control
method based on the detection of the intrinsic RTE activity of drugs. Notably, the last
method allows us to perform analysis without the need to open the primary packaging,
which is a significant advantage.

2. Materials and Methods
2.1. Pharmaceuticals Based on Hyaluronidase

Registered hyaluronidase-based drugs were selected as samples for this study:

• A drug containing hyaluronidase, registration number: LP-(006291)-(RG-RU), (LLC
“Samson-Med”, Saint-Petersburg, Russia), which is a lyophilizate for preparing solu-
tions for injection and topical application, with a dosage of 1280 IU.
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• A hyaluronidase-based drug, registration number: LP-(000276)-(RG-RU), (JSC “NPO
Microgen”, Moscow, Russia), which is a lyophilizate for preparing solutions for injec-
tion and topical application, with a dosage of 1280 IU.

• A drug based on azoximer-conjugated hyaluronidase, registration number: LP-
(009351)-(RG-RU), (“NPO Petrovax Pharm LLC”, Moscow, Russia), which is a
lyophilizate for preparing solutions for injection, with a dosage of 3000 IU. The finished
dosage form contains the excipient mannitol—up to 20 mg.

High-resistance water (18.2 MΩ × cm, Milli-Q) was used for sample preparation for
the DLS method.

2.2. Dynamic Light Scattering

The proposed method is a quality control approach that utilizes the detection of
dimensional spectra of samples, as measured by the DLS (ZetasizerNano ZSP, Malvern
Instruments, Malvern, UK). This method facilitates the determination of the size charac-
teristics of particles in a heterogeneous medium in the range from 1 to 10,000 nm. The
principle of DLS is based on the analysis of fluctuations in the intensity of scattered light
arising from the Brownian motion of particles in the sample [42]. When coherent laser
emission passes through the sample, fluctuations in the intensity of scattered light are
recorded over time. This process enables the estimation of the diffusion coefficient of the
particles, and consequently, their effective hydrodynamic radius can be calculated using
the Stokes–Einstein equation [43]. For each sample, measurements were taken a minimum
of seven times.

2.3. FTIR Spectroscopy

FTIR is a highly sensitive analytical method used for qualitative and quantitative
analysis of organic and inorganic compounds based on their vibration spectra [44]. The
samples were analyzed using an Agilent Cary 630 FTIR instrument (Agilent Technologies,
Santa Clara, CA, USA). The spectra were recorded in the range from 4000 to 650 cm−1

with a resolution of 2 cm−1, in attenuated total reflectance (ATR) mode. The ATR module
was utilized with a diamond prism as the crystal. Each measurement was performed a
minimum of six times. The samples were measured in their native form, without additional
sample preparation. Prior to the recording of each spectrum, background correction
was performed.

2.4. Measurement of Intrinsic Radiothermal Emission

The emission characteristics of hyaluronidase samples were the subject of investigation
using a TES-92 electromagnetic emission flux density detector (TES Electrical Electronic
Corp., Taipei, Taiwan). The orientation of the device sensor in the Z-axis direction, per-
pendicular to the sample, ensured anisotropic registration of emission strictly from the
object. During the experiment, the maximum average values of the emission flux density
emanating from the sample were recorded [42,43].

The samples’ intrinsic RTE was stimulated by heating them to a temperature of 37 ◦C
and by exposing them to monochromatic light. The thermal activation process was con-
ducted utilizing a solid-state thermostat equipped with Peltier elements (model MK200-2,
Hangzhou Allsheng Instruments Co., Ltd., Hangzhou, China). Temperature was monitored
remotely using a non-contact infrared thermometer (model Benetech GM320, Shenzhen,
China). The evaluation of photoinduced activation was conducted utilizing LEDs with a
wavelength of 412 nm and a spectral width of 2–4 nm, operating at a power density of up
to 50 mW/cm2 (models AA3528LVBS/D and C503B-BCN-CV0Z0461, manufactured by
CreeLED, Durham, NC, USA). Prior to the measurement of each sample, the background
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values of the emission signal were recorded. These background values did not exceed
1.0 ± 0.2 µW/m2. In all series of experiments, the reproducible geometry of the measuring
setup was strictly observed. Each measurement was performed a minimum of seven times
to enhance the statistical reliability of the results.

2.5. Statistics

The results of the analyses are presented as mean ± standard deviation (n = 7).
All calculations and statistical processing were conducted using OriginPro 21 software
(OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Study of the Dimensional Characteristics of Hyaluronidase Pharmaceuticals

A review of contemporary scientific literature revealed no reliable results concern-
ing the dimensional characteristics of hyaluronidase. However, further research on
hyaluronidase molecules revealed their molecular weight (>60 kDa for hyaluronidase ob-
tained from cattle [45,46] and from 100 to 180 kDa for azoximer-conjugated hyaluronidase
with copolymer [47]). It is possible to calculate the estimated diameter of the molecule
theoretically, based on the available data. In Harold P. Erickson’s work, a formula (Formula
(1)) is proposed for the theoretical calculation of the minimum radius (Rmin, nm) of a protein
molecule, given its molecular weight (M, Da) [48]:

Rmin = 0.066M
1
3 (1)

Prior to the practical study of the size spectrum of hyaluronidase-based drugs, theo-
retical calculations of the estimated minimum diameter (dmin, nm) were performed using
the following formula (Formula (2)):

The results of the theoretical calculation are presented in Table 2.

dmin = 2·Rmin (2)

Table 2. Theoretical calculation of the minimum diameter of hyaluronidase and azoximer-conjugated
hyaluronidase molecules.

Sample Estimated Molecular
Weight (M), Da

Theoretical
Rmin, nm

Theoretical
dmin, nm

Hyaluronidase From 60,000 to 200,000 From 2.6 to 3.9 From 5.2 to 7.8

Azoximer-conjugated
hyaluronidase From 100,000 to 180,000 From 3.1 to 3.7 From 6.2 to 7.4

Based on the theoretical data obtained, the dimensional spectrum ranges for native
hyaluronidase were demonstrated, which allow for correlation with the practical results
obtained. Additionally, the presumed dimensional characteristics of enzymatic biophar-
maceuticals were evaluated in a bibliographic analysis of data contained in the Protein
Data Bank for hyaluronidase obtained from an expression system based on Trichoplusia
ni (1FCU). As demonstrated in the scientific paper, the approximate diameter size ranges
from 52 Å (approximately 5.2 nm), a finding that aligns with the results of mathematical
calculations [49]. The distribution of size spectra, as measured by the DLS method, is
illustrated in Figure 4.

https://doi.org/10.3390/scipharm94010002
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Figure 4. Comparison of the size spectra of hyaluronidase pharmaceuticals by volume distribution.

Two lyophilizate solutions containing 1280 IU of classical hyaluronidase (HYAL-1 and
HYAL-2) have a size range from 6 to 7 nm, which correlates with theoretical calculations
(from 5.2 to 7.8 nm). For a solution of azoximer–hyaluronidase lyophilizate combined with
a copolymer (BovHYAL) with a concentration of 3000 IU, the diameter of the molecule was
8 nm, which slightly exceeds the calculated values (up to 7.4 nm). This discrepancy can be
considered permissible, given that the calculation was conducted for native hyaluronidases
and did not consider the content of excipients utilized in the manufacture of pharmaceuti-
cals. Reproducible values of the size spectra of pharmaceuticals based on hyaluronidase
and azoximer-conjugated hyaluronidase were obtained, allowing for monitoring of their
qualitative characteristics.

3.2. IR Spectroscopy of Hyaluronidase Conjugated with Azoximer

One of the proposed methods for controlling the quality of modified hyaluronidase
preparations is mid-range IR spectroscopy. In the case of BovHYAL-based samples, it
is of interest to identify only the characteristic azoximer bands, since the hyaluronidase
fragment produces O-H, C=O, C-H, and C-O bands in the valence vibration region, and
this precludes the nature and specific position of these functional groups from being
distinguished. Guided by the characteristic bands of azoximer as described in patent [47],
it was decided to decipher the azoximer component of the active molecule in the region
below 1750 cm−1 (Figure 5).

https://doi.org/10.3390/scipharm94010002
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Figure 5. The chemical formula of azoximer is 1,4-ethylene piperazine-N-oxide and N-carboxymethyl-
1,4-ethylene piperazine bromide. Green circles are used to denote atoms that have the potential to
participate in vibrations that are characteristic of azoximer.

The IR spectrum obtained by the ATR method with a selected spectral range of
1750–1000 cm−1 is presented below (Figure 6). The characteristic band at 1625 cm−1 is not
of interest, as it corresponds to the C=O group, which can be found both in the structure of
hyaluronidase itself and in the side chain of azoximer.

Figure 6. IR spectrum of the BovHYAL sample in the range of 1750–1000 cm−1.

The interpretation of the spectrum is presented in Table 3. The vibrations observed
at wave numbers 1464, 1448, and 1326 cm−1 correspond to C-H deformation vibrations
within the CH2 group of azoximer. Conversely, the vibrations at 1448 cm−1 correspond to a
band that is characteristic of the side chain, while those at 1464 and 1326 cm−1 correspond

https://doi.org/10.3390/scipharm94010002
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to the piperazine cycle. The presented spectral region is also characterized by C-N valence
vibrations in the piperazine cycles, corresponding to 1158 and 1010 cm−1.

Table 3. Decoding of the IR spectrum of the azoximer component of the BovHYAL sample.

Wave Number, cm−1 Type of Vibrations Comments

1464 δ (scissors) C-H vibrations in the CH2 group in
the piperazine cycle

1448 δ (scissors) C-H vibrations in the CH2 group in
the side chain

1326 δ (twisting) C-H vibrations in the CH2 group in
the piperazine cycle

1158 ν
C-N vibrations in one of the

piperazine cycles

1010 ν
C-N vibrations in one of the

piperazine cycles

In accordance with the data presented in patent work [47], it can be concluded that the
obtained IR spectrum of azoximer-conjugated hyaluronidase reliably reflects the chemical
structure of azoximer.

The application of IR analysis for the direct identification of the complex structure
of BovHYAL is subject to fundamental limitations. Firstly, all enzymes, irrespective of
their amino acid sequence and biological function, exhibit similar bands in the amide bond
region (~1650 cm−1, ~1550 cm−1). The spectrum of azoximer–hyaluronidase will show the
same amide bands as the spectrum of any protein (e.g., albumin), which makes such bands
non-specific for the identification of hyaluronidase [50]. Secondly, the precise position and
configuration of amide bands are contingent on enzyme hydration and secondary structure.
These parameters introduce variability into the spectrum, making it difficult to create a
reference “fingerprint” for a specific enzyme [51]. In contrast, the identification of a drug
based on BovHYAL using the characteristic azoximer bands is highly specific, reproducible,
and methodologically correct for the following reasons. The presence in the IR spectrum
of a combination of bands corresponding specifically to the N-oxide, carboxymethyl, and
piperazine components provides irrefutable proof that the sample being analyzed is indeed
a stabilized preparation of azoximer-conjugated hyaluronidase, and not some other protein
or unstabilized enzyme. In addition to the aforementioned points, the polymeric nature
of azoximer renders its IR spectrum more stable and less dependent on subtle changes in
the conformation of the structure. This ensures better reproducibility of results between
different series of analyses [52].

3.3. Non-Invasive Control of the Quality Characteristics of Hyaluronidase Biopharmaceuticals

The method of detecting intrinsic RTE represents a novel approach to the control
of the qualitative and quantitative characteristics of pharmaceutical products. The basis
of this phenomenon is the detection of emission activity in the millimeter wave range
(75 GHz, EHF, W-Band) emanating from quasi-plasma clouds formed on the surface of
nano-objects [53]. The formation of quasi-plasma regions on the surface of nanoparticles
and nanomaterials occurs under two principal conditions: the presence of a factor stimulat-
ing emission activity (temperature activation/light activation), and the object must be a
non-spherical structure [54,55]. This method has previously been used to control the qual-
itative and quantitative characteristics of drugs and immunobiological pharmaceuticals,
demonstrating the ability to distinguish between samples with different shelf lives [43],
samples subjected to artificial aging (heating, freezing, and UV irradiation) [42], and to
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control the quantitative protein content in immunobiological pharmaceuticals without
opening the primary packaging [56].

3.3.1. Development of a Methodology for Activating Hyaluronidase Samples

The approach outlined above was also applied in the context of the control of qual-
ity characteristics of hyaluronidase samples and their modified analogs. Since an ex-
ternal activation source is required to enhance emissive activity, namely temperature
(T = 37 ◦C) or light irradiation (λ = 412 nm), it was first necessary to determine the most
effective method for activating the experimental samples. The results of detecting the
intrinsic RTE from solutions of hyaluronidase drugs (HYAL-1 and HYAL-2) and modified
hyaluronidase (BovHYAL) after activation using the methods described above are shown
in Figure 7.

Figure 7. Results of emission flux density detection using two methodologies of activating intrinsic
RTE (temperature and light) of hyaluronidase samples (A) and azoximer-conjugated hyaluronidase
(B). The standard deviation is within the limits of the figures.

During the selection of the activation method, experimental analysis revealed that light
irradiation at a wavelength of 412 nm exerted the most significant effect on the emission
activity of the samples. Consequently, for HYAL-1, HYAL-2, and BovHYAL preparations,
the flux density at 30 min was determined to be 21.6 ± 0.5, 16.8 ± 0.5, and 27.0 ± 0.5 µW/m2,
respectively. This is twice the value obtained during activation by heating and several
times higher than the background value (1.0 ± 0.2 µW/m2). Subsequent measurements of
the intrinsic RTE of the samples were carried out using this methodology.

In order to illustrate the impact of external energy factors on emissive activity, a kinetic
curve of increase and relaxation of intrinsic RTE was obtained using the example of a
modified hyaluronidase sample (Figure 8).

https://doi.org/10.3390/scipharm94010002
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Figure 8. Kinetics of increase and relaxation of intrinsic RTE of BovHYAL. Standard deviations are
within the figures.

These kinetics demonstrate that fluctuations in flux density values are non-monotonic
and respond to the presence or absence of an external stimulus, in this case, light exposure.

3.3.2. Quality Control of Hyaluronidase Pharmaceuticals

The method of detecting intrinsic RTE enables the non-invasive control of the qual-
itative characteristics of samples. A comparison was made of the emission activity of
lyophilized samples enclosed in primary packaging (glass ampoules) and of the same
samples without primary packaging (Table 4).

Table 4. Comparison of the emission activity of HYAL-1, HYAL-2, and BovHYAL pharmaceuticals in
and without primary packaging (n = 7).

Sample HYAL-1 HYAL-2 BovHYAL Control

F, µW/m2

In primary packaging 7.2 ± 0.4 6.9 ± 0.5 12.1 ± 0.9
1.0 ± 0.2Without primary

packaging 7.3 ± 0.2 7.8 ± 0.3 15.6 ± 1.2

The results demonstrate that all preparations exhibit similar emission activity, whether
in their primary packaging or in the absence of packaging. It is noteworthy that the density
of the intrinsic RTE flux exceeds the background values by several folds, indicating the
potential for conducting quality control of hyaluronidase samples without opening the
primary packaging.

A further valuable analysis would be a comparison of the results obtained from
sample solutions and lyophilized preparations. A comparison of Figure 7, which presents
the measurement of 100 µL of hyaluronidase and azoximer-conjugated hyaluronidase
pharmaceuticals, with the results in Table 4 reveals that the lyophilized forms exhibit a
lower flow density value. This phenomenon is consistent with theoretical knowledge about
the phenomenon of intrinsic RTE [55]. The most intense emissive activity is generated in
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aqueous solutions of nanopharmaceuticals. This phenomenon elucidates the observed
discrepancy in values by several folds.

Following the analysis of the data obtained, a decision was reached to conduct a
comparative analysis of pharmaceutical preparations characterized by divergent quality
properties, without compromising the integrity of the packaging.

The expediency of studying the ageing processes of hyaluronidase preparations using
the example of azoximer-conjugated hyaluronidase (BovHYAL) is due to its more complex
structure and multifactorial degradation pathways. In contrast to the native hyaluronidase,
the modified analog is an enzyme–polymer conjugate, which is characterized by more
subtle changes in conformational stability and interactions within the macromolecule [57].
Due to the fact that the behaviour of such systems during the ageing process is more
variable, BovHYAL is considered to be a more informative model for detecting a decrease in
activity. This renders it a preferred object for studying the change in quality characteristics.
Azoximer-conjugated hyaluronidase samples with an appropriate shelf life, expired for six
months and one year, were selected for the study (Figure 9).

Figure 9. Kinetics of changes in the density of intrinsic RTE from BovHYAL samples depending on
their quality properties (changes in shelf life).

The data obtained revealed a steady decrease in the emission activity of the modified
hyaluronidase sample, which is dependent on its shelf life. Consequently, for a drug with
an appropriate shelf life, a flux density value of 12.8 ± 0.8 µW/m2 was found. However,
samples with expired shelf life exhibited a decrease in emissive activity by 1.5 (expired for
six months) and 2.5 times (expired for one year). This phenomenon can be explained by the
fact that, after the expiration date, drugs begin to undergo various physicochemical changes,
including oxidation, hydrolysis, chemical degradation, coagulation, and denaturation [58].
The application of the method for detecting intrinsic RTE enables the real-time tracking of
the aforementioned processes (Figure 9).
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3.4. From Pharmacopeial Standards to Innovative Quality Control Strategies for
Enzymatic Pharmaceuticals

The challenge of ensuring and controlling the quality of biopharmaceuticals remains
one of the most significant and critical issues in contemporary pharmaceutical chemistry,
due to their intricate structure and high sensitivity to external influences [59]. In contrast
to low-molecular-weight drugs, whose structure can be precisely characterized, enzyme
pharmaceuticals such as hyaluronidase are heterogeneous mixtures. For such preparations,
even minor deviations in the production, purification, or storage process can lead to critical
changes in their functional characteristics [60,61]. The primary challenges associated with
the standardization of enzyme substances pertain to the heterogeneity of glycosylation [46]
and the tendency to form inactive aggregates or fragments with altered activity and/or
immunogenicity [62,63]. The latter requires special attention and careful control, since
the body’s immune response to the administration of a therapeutic agent can lead not
only to its complete neutralization, i.e., a reduction or complete absence of therapeutic
effect, but also to cross-reactivity with endogenous proteins, as has been described for some
L-asparaginase-based drugs [64–66]. An incident involving heparin, a glycosaminoglycan,
which was contaminated with suprasulfated chondroitin sulfate, is a case in point. This
led to anaphylactoid reactions and even lethal outcomes [67]. The development and
implementation of comprehensive quality control systems for enzyme preparations is
not merely a formal requirement stipulated by regulatory authorities (FDA, EMA, and
EAEU), but rather a pressing necessity that ensures the predictability of clinical effects and
patient safety.

Contemporary quality control approaches for pharmaceutical substances, encompass-
ing enzyme-derived drugs, emphasize a comprehensive evaluation of a diverse array of
critical indicators that determine the efficacy and safety of the final pharmaceutical prod-
uct. In particular, for hyaluronidase drugs, the determination of hyaluronidase activity,
regulated by the European Pharmacopoeia and implemented using turbidimetric and
viscometric methods, is critical and methodologically mandatory [68]. Additionally, all
parenteral forms must undergo testing for bacterial endotoxins using the LAL-test, which
facilitates quantitative assessment of pyrogenic substances [69]. Nevertheless, in accor-
dance with prevailing pharmacopeial stipulations, these approaches are the limit range of
recommended methodologies for quality control of hyaluronidase pharmaceuticals.

From the perspective of pharmaceutical chemistry, such a narrowing of the range
of analytical tools appears to be deficient, as it excludes the possibility of a comprehen-
sive analysis of physicochemical parameters, including the structural and dimensional
characteristics of the finished product. The most appropriate instrument for the analysis
of these parameters is high-performance liquid chromatography, which, due to its high
accuracy and reproducibility, facilitates not only the identification of the structural features
of the substance, but also the quantitative assessment of the sample [70,71]. In recent years,
there has been an increasing focus on the use of mass spectrometry analysis, which is
employed to monitor enzyme conformational changes as well as enzyme–substrate inter-
actions [72]. This approach facilitates a comprehensive evaluation of the stability, activity,
and immunogenicity of the pharmaceutical agent.

Nonetheless, despite the indisputable informative value and fundamental importance
of such methods, they are subject to significant limitations. The labor-intensive nature of
sample preparation and the invasive nature of the analysis process render them unsuitable
for rapid testing. This aspect underscores the necessity to explore and implement novel
non-invasive quality control instruments that could augment the prevailing regulated
array of analytical methodologies, thereby ensuring more comprehensive and dependable
support for the “life cycle” of enzyme pharmaceuticals.
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In view of the limitations of conventional methods referenced above, it is particularly
important to identify supplementary analytical instruments that can facilitate a more
comprehensive and, concomitantly, non-invasive investigation of the properties of enzyme
samples. In this context, the comprehensive approach proposed in this work, combining
DLS, FTIR, and detection of the intrinsic RTE methods, can be considered as a promising
complementary strategy for overcoming existing barriers in the pharmaceutical quality
control of enzyme pharmaceuticals.

The DLS method, a widely applied approach for the characterization of the dimen-
sional parameters of nanoparticles and biopharmaceutical substances [43,73,74], provided
substantiation for theoretical assumptions concerning the hydrodynamic radius and size
distribution of hyaluronidase samples. Determining these parameters is essential for the
evaluation of the stability and homogeneity of the aforementioned pharmaceuticals. FTIR
spectroscopy demonstrated high efficiency in identifying and verifying chemical structure
by confirming the presence of an azoximer fragment in the modified form of the drug.

Special emphasis should be placed on the method of detecting intrinsic RTE, which is
a comparatively novel analytical instrument. As previously demonstrated in works such
as [42,55], the intensity of intrinsic RTE from biopharmaceuticals can be directly associated
with their physicochemical state and the processes of their nanoscale degradation. The
data obtained in this study, indicating an inverse relationship between the emission flux
density and the shelf life of BovHYAL, demonstrate the high sensitivity of this method to
structural changes.

4. Conclusions
The primary objective of contemporary pharmaceutical chemistry is to ensure the

reliable quality control of all pharmaceutical products to guarantee their stability, efficacy,
bioavailability, reduced toxicity, and, most importantly, safety. Considering the limited
data available on the qualitative analysis of pharmaceuticals based on hyaluronidase and
its modified analog, this study proposes a comprehensive approach to quality control
using modern analytical instruments. The dimensional characteristics (DLS) of the HYAL-1,
HYAL-2, and BovHYAL samples (7, 6, and 8 nm, respectively) were determined and found
to correlate with theoretical calculations of their diameter. An IR spectrum was obtained
for BovHYAL, which provided information about its azoximer fragment with characteristic
bands: 1464, 1448, 1326, 1158, and 1010 cm−1. A contemporary rapid approach to the
control of the quality characteristics of hyaluronidase pharmaceuticals was also proposed.
This approach is based on their intrinsic RTE, thus allowing for real-time monitoring of
physicochemical changes in the structure of the samples without the need to open their
primary packaging. For BovHYAL with an appropriate shelf life, the flux density was
in the range of 12.8 ± 0.8 µW/m2, for drugs expired by six months—8.3 ± 0.8 µW/m2,
expired by one year—5.1 ± 1.0 µW/m2, with background values equal to 1.0 ± 0.2 µW/m2.
This approach to the quality control of enzyme pharmaceuticals ensures rapid results and
facilitates efficient conclusions regarding the quality of the samples.
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