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Purpose: This study aimed to assess the physicochemical stability and compatibility of butorphanol tartrate, nicardipine hydro-
chloride, urapidil, and tirofiban hydrochloride to support safe infusion practices in the ICU.

Patients and Methods: Compatibility systems involving four-, three-, and two-drug combinations were prepared in 0.9% sodium
chloride injection under simulated clinical conditions at room temperature in the absence of light. Evaluations included appearance,
pH, and insoluble particle counts at 0, 2, 4, 8, 12, and 24 hours. Quantitative analysis of drug concentrations was performed using high
performance liquid chromatography (HPLC).

Results: All tested combinations retained physical stability within 24 hours, showing no measurable variation in appearance, pH, or
particle. Nicardipine concentrations declined significantly, reaching 74.35% of baseline in the nicardipine—urapidil-tirofiban mixture at
24 hours, and decreasing to 76.29% at 12 hours and 71.46% at 24 hours in the nicardipine—tirofiban combination. The concentrations
of active ingredients in the remaining mixtures remained stable, consistently exceeding 90% of initial values.

Conclusion: Butorphanol demonstrated compatibility with the other agents under the tested conditions. In clinical application,
infusion of nicardipine combined with tirofiban should be restricted to less than 8 hours, and nicardipine combined with urapidil and
tirofiban should not exceed 12 hours. Other mixtures can be administered for up to 24 hours with flexibility in infusion duration.
Keywords: compatibility, stability, butorphanol tartrate, nicardipine hydrochloride, HPLC

Introduction

Administration of multiple intravenous agents is frequently required in intensive care unit (ICU) patients to sustain vital
functions and manage underlying conditions. Given the limitation of venous access, simultaneous delivery of several
drugs through a single line using a Y-connector or three-way stopcock is commonly adopted. Nevertheless, co-infusion
may induce physical or chemical incompatibilities, manifested as precipitation, discoloration, or reduced pharmacologi-
cal activity, ultimately diminishing therapeutic effectiveness or provoking adverse events.' > A systematic assessment of
the stability of widely used drug combinations is therefore essential to ensure safe pharmacotherapy in critically ill
patients.

The management of critically ill patients with cardiovascular emergencies (acute coronary syndrome, refractory
hypertensive crisis, aortic dissection, etc) in the ICU represents a therapeutic challenge due to the frequent coexistence of
severe chest pain, hemodynamic instability, and heightened thrombotic risk. Addressing these conditions typically
demands the concurrent administration of analgesics, antihypertensive agents, and antiplatelet therapies. In this context,
the present study emphasizes four widely employed intravenous agents: the opioid analgesic butorphanol tartrate, the
antihypertensives nicardipine hydrochloride and urapidil, and the antiplatelet agent tirofiban hydrochloride. A survey of
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ICU medication practices at our institution indicated that these drugs were frequently administered in various combina-
tions to achieve hemodynamic stabilization, pain relief, and suppression of platelet activation. Despite their common
“cocktail” co-administration in clinical settings—often through intravenous infusion pumps using three-way stopcocks,
either in pairs or as multi-drug mixtures—systematic investigations into their physicochemical and pharmaceutical
stability remain limited.* Consequently, the evaluation of compatibility within such multi-drug regimens is essential to
ensure both therapeutic effectiveness and patient safety.

Butorphanol tartrate, a mixed opioid receptor agonist—antagonist, constitutes an essential component of ICU analgesic
protocols. Reports indicate broad compatibility with multiple agents, although incompatibilities with esketamine and
sufentanil have been documented.”® Nicardipine, a dihydropyridine calcium channel blocker frequently employed in
hypertensive emergencies, demonstrates compatibility with a range of intravenous solutions and drugs, while incompat-
ibility occurs with alkaline solutions and certain antimicrobial agents.”'? Urapidil, acting through both central and
peripheral mechanisms to lower blood pressure, has been shown to remain stable in combination with several commonly
administered solvents and medications.”'® Tirofiban, a glycoprotein IIb/IIla receptor antagonist used in acute coronary
syndromes, retains compatibility with many cardiovascular drugs but demonstrates incompatibility with diazepam.'*'*

Although extensive compatibility data exist for each agent individually, investigations into the simultaneous stability
of the four agents under clinical mixing conditions remain absent. Considering the frequent clinical co-administration and
associated safety concerns, this study systematically assessed the physicochemical stability and compatibility of
butorphanol tartrate, nicardipine hydrochloride, urapidil, and tirofiban hydrochloride in various combined regimens,
thereby establishing a theoretical basis for safe infusion practices. This study provided the first comprehensive evaluation
of the compatibility of butorphanol, nicardipine, urapidil, and tirofiban in dual-, triple-, and quadruple-drug combinations
for simultaneous infusion. The results provide robust scientific evidence to support rational and safe infusion strategies in
the ICU.

Materials and Methods

Instruments

ACQUITY UPLC H-Class Ultra HPLC system (Waters, USA); AB204-S electronic analytical balance (Mettler-Toledo,
Switzerland); adjustable pipettes (Eppendorf, Germany); FE20 laboratory pH meter (Mettler Toledo Instruments,
Shanghai, China); GWF8JD particle size analyzer (Tianjin Tianhe Analytical Instrument Co., Ltd., China).

Drugs and Reagents

Butorphanol tartrate injection (1 mL: 1 mg; Jiangsu Hengrui Pharmaceuticals Co., Ltd.; batch number: 230424BP),
nicardipine hydrochloride injection (10 mL: 10 mg; Chengdu Easton Biopharmaceuticals Co., Ltd.; batch number:
H230701), urapidil injection (5 mL: 25 mg; Guangzhou Imvin Pharmaceutical Co., Ltd.; batch number: 22122601), and
tirofiban hydrochloride sodium chloride injection (100 mL: 5 mg; Sichuan Meida Kangjiale Pharmaceutical Co., Ltd.;
batch number: 22091911).

Reference standards included butorphanol tartrate (lot number: 171288-202202; purity: 99.7%), nicardipine hydro-
chloride (lot number: 100586-202203; purity: 99.8%), urapidil (lot number: 100626-202104; purity: 99.8%), and
tirofiban hydrochloride (lot number: 100626-202104; purity: 96.1%), all obtained from the National Institutes for Food
and Drug Control.

Additional reagents comprised potassium dihydrogen phosphate (Tianjin Damao Chemical Reagent Partnership
Enterprise), chromatographic-grade acetonitrile (Thermo Fisher), and purified water (Wahaha, China).

Chromatographic Conditions

Analyses were conducted on an ACQUITY UPLC® BEH C18 column (2.1 x 100 mm, 1.7 um). The mobile phase consisted
of a 0.05 mol/L potassium dihydrogen phosphate aqueous solution and acetonitrile (71.5:28.5, v/v). The flow rate was
maintained at 0.3 mL-min"'. Detection wavelengths were set at 227 nm for butorphanol, nicardipine, and tirofiban, and at
288 nm for urapidil. The injection volume was 10 pL, and the column was operated at ambient temperature.
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Solution Preparation

Reference Standard Stock Solution

Precisely 10 mg of butorphanol, 10.1 mg of nicardipine hydrochloride, 21.05 mg of urapidil, and 11.01 mg of tirofiban
hydrochloride were weighed and individually dissolved in methanol. Each solution was then diluted to 10 mL with
methanol to yield stock solutions at approximate concentrations of 1 mg'mL™', 1 mg'mL™', 2 mg:mL™", and 1 mgmL™",

respectively.

Mixed Reference Standard Stock Solutions

The 50 puL, 180 pL, 200 uL, and 30 pL of butorphanol, nicardipine hydrochloride, urapidil, and tirofiban hydrochloride
stock solutions were precisely transferred into 1 mL volumetric flasks. Water was used to fill to the calibration line,
followed by mixing thoroughly. The resulting mixed reference stock solutions contained the components at approxi-
mately 50 pgrmL ™", 180 pg'mL ", 400 pgrmL~", and 30 ug'mL ", respectively.

Preparation of Test Solutions

Test solutions were prepared using 11 mixed infusion schemes (M1-M11). For each scheme, the corresponding mass or
volume of the injection solutions specified in Table 1 was combined with 0.9% sodium chloride injection to reach a final
volume of 100 mL, followed by thorough mixing to obtain the mixed solutions. The theoretical concentrations of each
drug in these mixtures are listed in the column “Theoretical Concentrations of Each Component in Mixed Solution” in
Table 1. Before administration, the infusion mixtures were aspirated from the infusion bags and diluted 2-fold or 4-fold

as required to generate the test solutions.

Table 1 Composition and Theoretical Concentration of || Mixed Infusion Schemes

Mixture | Component | Dosage (mg) 0.9% Sodium Theoretical Concentrations of Each
Chloride Injection | Component in Mixed Solution (ug'mL")

MI Butorphanol 25 54.5 25
Nicardipine 9 90
Urapidil 20 200
Tirofiban 1.5 15
M2 Butorphanol 4 74 40
Nicardipine 16 160
Urapidil 30 300
M3 Butorphanol 3 48 30
Nicardipine 12 120
Tirofiban 1.85 18.5
M4 Butorphanol 38 44.2 38
Urapidil 30 300
Tirofiban 23 23
M5 Nicardipine I5 33 150
Urapidil 30 300
Tirofiban 23 23

(Continued)
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Table | (Continued).

Mixture | Component | Dosage (mg) 0.9% Sodium Theoretical Concentrations of Each
Chloride Injection | Component in Mixed Solution (ug'mL"')

Mé Butorphanol 5 75 50
Nicardipine 20 200
M7 Butorphanol 7 82 70
Urapidil 55 550
M8 Butorphanol 4 46 40
Tirofiban 2.5 25
M9 Nicardipine 28 6l 280
Urapidil 55 550
MI10 Nicardipine 18 32 180
Tirofiban 2.5 25
Ml Urapidil 10 20 500
Tirofiban 35 35

Methodological Validation Tests

Specificity Test

Under the chromatographic conditions described in Chromatographic Conditions, both 0.9% sodium chloride injection
and the test solution were analyzed, and the chromatograms were recorded.

Range

Accurately measured volumes of the reference stock solutions were diluted with water to obtain calibration standards at the
following concentrations: 12.5, 21.25, 25, 28.75, and 37.5 ug-mL_1 for butorphanol; 45, 76.5, 90, 103.5, and 135 ug~rnL_1 for
nicardipine; 100, 170, 200, 230, and 300 |ytg-mL7l for urapidil; and 7.5, 12.75, 15, 17.25, and 22.5 pg~mL71 for tirofiban.
Each standard was injected under the conditions in Chromatographic Conditions, and chromatograms were recorded.

Repeatability

Six replicates of the test solution were prepared as described in Preparation of Test Solutions and analyzed under the
validated chromatographic conditions. Peak areas of each target compound were determined, and the corresponding RSD
values were calculated.

Accuracy

A 100 pL aliquot of the test solution from Preparation of Test Solutions was combined with 100 uL of the mixed
reference solution at concentrations of 25, 90, 200, and 15 ug-mL™", followed by thorough mixing. Five replicates were
prepared for chromatographic analysis, and peak areas were recorded to calculate recovery rates. Accuracy was
expressed as spiked recovery, where recovery (%) = (amount found — original amount)/amount spiked x 100%. The
recovery rates were then calculated.

Mixed Infusion Compatibility Assessment

In accordance with the procedure described in Preparation of Test Solutions, eleven drug mixtures were prepared. Each
formulation was tested in triplicate and stored in light-protective black bags at room temperature. At 0, 2, 4, 6, 8, 12, and
24 hours, visual attributes (color, clarity, gas formation), pH, insoluble particle counts, and the concentrations of each
constituent were systematically examined.
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Criteria for compatibility assessment were defined as follows: the appearance of the solutions, including color,
brightness, and clarity, was required to remain unchanged relative to baseline (0 h); a pH variation of 0.2-1.0 was
considered acceptable for stability and compatibility.'> And the number of insoluble particles was expected to meet the
limits established in the 2020 edition of the Chinese Pharmacopoeia, specifically <25 particles with a diameter >10 um
and <3 particles with a diameter >25 um per milliliter of solution.'® Chemical stability was defined as the retention of at
least 90% of the initial concentration of the principal component throughout the observation period.

Appearance
Visual assessment of the compatibility solutions was conducted against a white background.

pH

pH measurements were performed using a pH meter equipped with a glass electrode as the indicator and a saturated
calomel electrode as the reference. The instrument was calibrated with standard buffer solutions prior to testing. During
measurement, the electrode was rinsed thoroughly with purified water, carefully aspirated, and subsequently rinsed with
the test solution until the reading stabilized within £0.1 units for 1 minute.

Insoluble Particles
At ambient temperature, aliquots of each compatibility mixture were sampled, and particle counts were quantified using
a particle analyzer with the light-obscuration method at predetermined intervals. Each sample was assessed in triplicate.

Relative Percentage Composition

For quantitative analysis, 10 pL of each compatibility mixture was injected under the chromatographic conditions described in
Chromatographic Conditions. In the case of three-drug combinations, the samples were diluted twofold before injection. The
concentrations of butorphanol, nicardipine, urapidil, and tirofiban were measured, and the values obtained at 0 h were defined
as 100%. Subsequent relative concentrations were expressed as percentages of these initial values.

Results

Methodological Validation Tests

Specificity Test

The retention times for urapidil, tirofiban, butorphanol, and nicardipine were 1.0, 1.35, 1.8, and 12.8 min, respectively.
No additional components in the injection interfered with the quantification of the target analytes, confirming that the
method exhibited satisfactory selectivity (Figure 1).

Range
Linear regression analysis was conducted using peak area (Y) versus analyte concentration (X), yielding calibration
equations with satisfactory linearity (Table 2).
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Figure | HPLC chromatogram (227 nm).
Notes: (A) 0.9% sodium chloride injection; (B) test solution; (C) reference solution (I. urapidil; 2. tirofiban; 3. butorphanol; 4. nicardipine).
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Repeatability
The RSD values for butorphanol, nicardipine, urapidil, and tirofiban were 0.08%, 0.08%, 0.43%, and 0.10%, respectively,
all remaining below 2.0%, thereby confirming satisfactory repeatability of the method.

Accuracy
The average recoveries of butorphanol, nicardipine, urapidil, and tirofiban ranged from 95.86% to 99.56%, with all RSD
values below 2% (Table 3).

Mixed Infusion Compatibility Assessment

Appearance

At 0 h, the solutions were colorless, transparent, and free of gas formation. Subsequent evaluations revealed no
alterations in color or the presence of gas, precipitates, or turbidity at any tested time point.

pH
Under light-protected conditions, the pH of all test groups remained stable after preparation, with fluctuations not
exceeding 0.1 units. Detailed results are provided in Table 4.

Table 2 Regression Equations, Correlation Coefficients, and Linear Ranges
of the Four Components

Component | Regression Equation r Linear Range (ug'mL™")

Butorphanol | Y=2.79x10* X-4.96x10* | 0.9993 12.5-37.5

Nicardipine Y=8.86x10* X-8.89%10° | 0.9993 45-135

Urapidil Y=1.03x10* X-2.42x10* | 0.9999 100-300

Tirofiban Y=7.18x10* X-7.87x10* | 0.9995 7.5-22.5

Table 3 Spike Recovery of Four Drugs (n=5)
Component Original Mass Theoretical Measured Average RSD
Concentration Addition Value (ug'-mL™") | Recovery Rate% %
(ngmL™") (ngmL™")

Butorphanol 24.85+0.08 25 24.85+0.09 99.56 0.70
Nicardipine 85.76+0.23 90 87.10+0.75 98.27 1.70
Urapidil 236.32+0.61 200 214.02+0.78 95.86 0.8l
Tirofiban 14.70+0.07 I5 14.71+0.08 98.10 1.07

Table 4 Changes of pH of Different Compatibility

Solutions Over Time

Mixture | Oh 2h 4h 6h 8h 12h | 24h
Ml 519 | 513 | 5.14 | 5.14 | 5.13 | 5.14 | 5.13
M2 4.68 | 464 | 4.65 | 4.64 | 4.65 | 4.68 | 4.66

(Continued)

6 https:

Drug Design, Development and Therapy 2026:20




Zhao et al

Table 4 (Continued).

Mixture | Oh 2h 4h 6h 8h 12h | 24h
M3 5.16 | 5.15 | 5.15 | 5.15 | 5.14 | 5.17 | 5.17
M4 521 | 519 | 5.18 | 5.18 | 5.18 | 5.17 | 5.2I
M5 588 | 585 | 581 | 5.83 | 586 | 582 | 5.85
Mé 465 | 464 | 464 | 463 | 463 | 4.62 | 4.64
M7 469 | 468 | 464 | 465 | 465 | 4.64 | 4.60
M8 520 | 5.19 | 5.19 | 5.19 | 5.17 | 5.17 | 5.18
M9 4.68 | 4.68 | 4.68 | 4.66 | 4.67 | 4.68 | 4.68
MI0 5.64 | 5.68 | 5.66 | 5.67 | 5.68 | 5.67 | 5.67
MI 593 | 593 | 595 | 594 | 595 | 593 | 5.95

Insoluble Particles
All preparations complied with the 2020 Chinese Pharmacopoeia criterion, as the number of particles within
24 h remained within the acceptable threshold (Figure 2).

Relative Percentage Composition

Nicardipine levels in the nicardipine—urapidil-tirofiban mixture declined to 74.35% at 24 h, whereas in the nicardipine—
tirofiban mixture they decreased to 76.29% at 12 h and 71.46% at 24 h. Concentrations of the other analytes remained
consistent throughout the observation period, exceeding 90% of baseline values (Figure 3 and Table S1).
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Figure 2 Changes in insoluble particle counts in different compatibility solutions over time.
Notes: (A) diameter2[0 pm; (B) diameter225 pm.
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Figure 3 Changes in the content of each component in different compatibility solutions over time.
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Discussion

Optimization of Chromatographic Conditions

In HPLC analysis, the mobile phase composition is a determinant of analyte retention, peak shape, and separation
efficiency. The present study established optimized chromatographic conditions for a combined system of butorphanol,
nicardipine, urapidil, and tirofiban through systematic evaluation of mobile phase compositions.

An initial mobile phase of potassium dihydrogen phosphate—acetonitrile—methanol yielded satisfactory peak shapes
for urapidil (tg = 2.25 min), tirofiban (tg = 2.92 min), and butorphanol (tg = 3.76 min). The presence of polar substituents
such as urea, sulfonamide, and tertiary amine groups promoted efficient elution in polar organic media via hydrogen
bonding. In contrast, nicardipine exhibited markedly poor chromatographic performance under this system, with an
extended retention time of 19 min and significant peak tailing. This behavior likely results from the hydrophobic benzene
ring and ester functionalities in nicardipine, which interact strongly with the C18 stationary phase in methanol-containing
systems. In addition, methanol, acting as a proton donor, readily forms hydrogen bonds with the ester group of
nicardipine, enhancing peak tailing. Prolonged retention not only lengthens the analytical cycle but also introduces
baseline noise from gradient drift, thereby reducing quantitative reliability. To address these limitations, the mobile phase
was adjusted to potassium dihydrogen phosphate—acetonitrile. Under these optimized conditions, nicardipine retention
time was reduced to 12.8 min, while retention time and peak shape of urapidil, tirofiban, and butorphanol remained
unaffected. This optimized system achieved baseline separation of all four analytes under isocratic conditions, delivering
robust and efficient chromatographic performance suitable for quantitative evaluation of mixed drug formulations.

Compatibility Study: Determination of Concentration and Clinical Rationale

Drug concentrations in the mixed infusion were established strictly according to routine clinical protocols, taking into
account both prescribed concentrations and infusion rates. In practice, butorphanol tartrate injection, nicardipine hydro-
chloride injection, urapidil injection, and tirofiban hydrochloride sodium chloride injection are each prepared in 50 mL
volumes and co-infused via a microsyringe pump (Figure 4).

To define clinically representative dosing parameters, a dual approach was applied: retrospective review of medical
records from patients who had received single or combined administrations of butorphanol, nicardipine, urapidil, and
tirofiban, together with structured interviews of senior ICU nurses. From this process, the following infusion parameters
were identified as standard practice: butorphanol 100 pgrmL ™' at 5 mL-h™', nicardipine 400 pgrmL ™' at 5 mLh™',
urapidil 2 mg'mL™" at 2 mL+h™', and tirofiban 50 pg'mL ™" at 6 mL-h™".

The resulting infusion mixture followed a volumetric ratio of 5:5:2:6, corresponding to a cumulative flow rate of
18 mL+h™". From this ratio, theoretical concentrations of each component were derived and subsequently employed as the
working levels for the compatibility assessment.

The calculated theoretical concentration corresponds to the drug’s state at the point of venous entry, preceding any
dilution by circulating blood, and thus accurately mirrors the exposure encountered within the infusion pathway.
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Tirofiban
Urapidil
Nicardipine

Butorphanol

Figure 4 Schematic representation of the mixed infusion of four drugs.

Employing clinically relevant concentrations in stability assessments prevents distortion caused by unrealistically high or
low levels, providing a sound experimental foundation and reinforcing the reliability of the study’s conclusions.

Rationality Analysis of Drug Combination

The simultaneous administration of multiple intravenous medications is required in critically ill ICU patients. However,
limited vascular access or the urgent need to achieve synergistic goals such as blood pressure control, analgesia, and
antiplatelet therapy within a short timeframe frequently necessitates multi-drug co-infusion through a single line.
A survey of intravenous medication use in our ICU identified 32 commonly used intravenous drugs. Patients often
received mixed infusions of 2 to 7 drugs, resulting in a total of 39 distinct combination regimens. The four drugs
involved in this study are frequently employed in various combined regimens in clinical practice for stabilizing
hemodynamics, alleviating pain, and inhibiting platelet aggregation.'’

From the perspective of antihypertensive and hemodynamic management, nicardipine and urapidil are primarily used
for arterial hypertension and hypertensive crises. Their combination can leverage complementary mechanisms of action,
achieving synergistic, rapid, and stable blood pressure control while potentially reducing adverse effects associated with
high doses of a single agent.'®'® Studies indicate that nicardipine achieves target blood pressure levels faster than
urapidil.?® Compared to sodium nitroprusside, urapidil has a lesser impact on heart rate when treating hypertensive
emergencies.”’ In the management of blood pressure prior to intravenous thrombolysis for acute ischemic stroke, it is
necessary to rapidly reduce systolic blood pressure to <180 mmHg and diastolic blood pressure to <100 mmHg, while
avoiding a precipitous drop in pressure. Urapidil, with its rapid onset and minimal effect on heart rate, is suitable for most
hypertensive patients. If its effect is insufficient, nicardipine can be added. Although sodium nitroprusside has a rapid
onset and potent antihypertensive effect, a too-rapid dose increase may lead to a sharp decline in blood pressure, and
long-term use carries a risk of toxicity; therefore, it is not recommended as the first choice prior to thrombolysis and
should be used with caution. Regarding antiplatelet therapy, tirofiban, as a potent GP IIb/Illa receptor antagonist, is
particularly suitable for combination with the aforementioned antihypertensive drugs in patients with acute coronary
syndrome complicated by hypertension or during the perioperative period of percutaneous coronary intervention,
allowing for simultaneous management of thrombosis and blood pressure].”” Studies have confirmed that in patients
with acute ischemic stroke, intravenous tirofiban administered prior to endovascular thrombectomy can facilitate the
procedure, significantly improving the first-pass effect without increasing the risk of symptomatic intracranial
hemorrhage.”® For analgesia, butorphanol, characterized by relatively low respiratory depression and a longer duration
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of action, serves as an option for analgesia in critically ill or postoperative patients. Its combination with antihypertensive
drugs can help maintain hemodynamic stability while providing pain control.

The four-drug combination scheme is applicable for severe cases with multi-system dysfunction, such as complex
scenarios involving severe cerebral hemorrhage complicated by coronary heart disease, refractory hypertension, and
moderate-to-severe pain. However, simultaneous infusion of multiple drugs carries risks related to physical compatibility,
drug-drug interactions, and the superimposition of adverse effects. These risks require heightened vigilance, particularly
in elderly patients or those with hepatic or renal impairment. Therefore, clinical implementation necessitates rigorous
monitoring of platelet counts, hemodynamic parameters, and adverse reactions. Furthermore, careful planning of
administration sequence, infusion routes, and dose adjustment strategies is essential to ensure the safety and efficacy
of the treatment.

Investigation into the Stability and Molecular Mechanisms of Drug Infusion
Compatibility

This study showed that no visible precipitation or turbidity was observed in any of the compatibility solutions within
24 hours. When co-infused with tirofiban, nicardipine concentration declined to 76.29% after 12 h and further to 71.46%
at 24 h. In the ternary combination of nicardipine, urapidil, and tirofiban, the content decreased to 74.35% within
24 h. Chromatographic analysis (Figure 5) revealed that although the main peak area of nicardipine continued to
decrease, no prominent or distinct new chromatographic peaks appeared in its vicinity. These findings suggest that
nicardipine exhibits limited stability under such conditions and raising concerns for clinical application.

Despite the overall stability of pH across 0-24 h in all groups, notable variations were observed in the initial values
among compatibility regimens. The pH in both the nicardipine—tirofiban and nicardipine—urapidil-tirofiban mixtures
consistently exceeded 5.5, which is substantially higher than the recommended range for nicardipine injection (3.0-4.5).
Studies have shown that an increase in pH can significantly accelerate the degradation rate of nicardipine, with optimal

5.2* The alkaline environment may enhance the electron cloud density of the dihydropyridine

stability observed at pH 4.
ring in nicardipine, making it more susceptible to oxidation or nucleophilic attack. Under mildly alkaline conditions, the
sulfonamide group in the tirofiban molecule exhibits increased nucleophilicity, potentially attacking the ester bonds at the
C3 and CS positions of nicardipine and accelerating hydrolysis. Additionally, this group can act as a weak ligand, altering
the electron distribution of the dihydropyridine ring and promoting its oxidative aromatization, collectively contributing
to accelerated degradation.

The degradation of nicardipine exhibits a multi-pathway, progressive pattern. As a dihydropyridine calcium channel
blocker, nicardipine is prone to oxidative aromatization and hydrolysis of its ester bonds and dihydropyridine ring under
alkaline conditions, leading to the formation of various polar degradation products. In reversed-phase chromatography,
these products may elute earlier and present as dispersed peaks without forming distinct, isolated signals. Additionally,
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Figure 5 Chromatograms of the two combinations with content degradation ((A) Nicardipine-Urapidil-Tirofiban, (B) Nicardipine-Tirofiban).
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Figure 6 Chemical structures of the four drugs.

factors such as high temperature and light exposure may further induce nicardipine to undergo hydrolysis, ring-opening,
rearrangement, and decarboxylation reactions, resulting in unstable derivatives.”*

The combination of multiple drugs may trigger complex drug—drug interactions, where degradation products can
alter the local microenvironment and thereby affect the stability of co-existing drugs. In the chromatogram of the
nicardipine — urapidil —tirofiban mixture (Figure 5), the chromatographic peak of urapidil showed gradual splitting
between 8 h and 24 h, indicating that its chemical stability had been compromised. It is hypothesized that carboxylic
acid derivatives generated from nicardipine degradation progressively modify the local microenvironment, which may
induce tautomerization or minor degradation of urapidil.

Additionally, in this study, butorphanol maintained high stability (content >90%) across all compatibility combinations,
which is closely related to its molecular structural characteristics. Butorphanol possesses a rigid fused-ring skeleton and lacks
susceptible functional groups prone to hydrolysis or oxidation (such as ester bonds or a dihydropyridine ring). Moreover, its
tert-butyl side chain provides steric hindrance, collectively conferring favorable chemical inertness and broad pH stability. As
a result, butorphanol retains structural integrity even in complex multi-drug environments (Figure 6).

Although no precipitation was observed in any of the compatibility solutions in this study, existing literature indicates
that nicardipine rapidly precipitates in sodium bicarbonate injection.*” This suggests that under specific ionic strengths or
higher pH conditions, degradation products of nicardipine may form microparticles. Therefore, for multi-drug combina-
tion infusions, relying solely on solution clarity and changes in the main drug peak area is insufficient to fully evaluate
compatibility safety. Close attention must also be paid to abnormal chromatographic behavior of co-existing drugs. To
ensure the efficacy of nicardipine and avoid unforeseen interactions, it is essential to strictly avoid long-term co-infusion
with drugs that elevate pH in the same infusion line. Administration via a separate line or sequential infusion with
adequate line flushing between drugs is recommended.

Limitations

The drug concentrations investigated in this study were restricted to ranges commonly applied in clinical settings and did
not include all potential extremes or transitional levels. In addition, compatibility under conditions of high-dose
administration or ultra-rapid infusion rate remains to be clarified through further research.
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Conclusion

This study systematically assessed the physicochemical stability and compatibility of butorphanol, nicardipine, urapidil,
and tirofiban in dual-, triple-, and quadruple-drug infusion systems, thereby establishing an experimental foundation for
safe combination therapy in clinical practice. A validated HPLC method was developed and optimized for the
simultaneous quantification of these drugs, enabling precise evaluation of mixture integrity across different time
intervals.

The findings indicate that several drug combinations demonstrated favorable physical stability over 24 h. Based on the
chemical instability observed, it is recommended that when nicardipine is co-administered with tirofiban, the infusion
durations should be limited to 8 hours, whereas combinations of nicardipine, urapidil, and tirofiban should not exceed
12 hours. Other tested combinations maintained acceptable physical and chemical stability over a 24-hour period,
permitting more flexible infusion strategies.

Overall, the study findings offer practical reference for rational compatibility of ICU medications, minimize risks
associated with reduced efficacy or adverse reactions from instability, and contribute to ensuring both safety and
therapeutic effectiveness in critically ill patients.
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