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A B S T R A C T

Heparin, an essential anticoagulant in clinical practice, is susceptible to contamination with chondroitin sulfate 
(CS) and dermatan sulfate (DS). Ensuring the reliable quantification of these polysaccharides in crude heparins is 
critical for product safety and for monitoring the purification process, yet remains challenging due to their 
structural similarity and heterogeneous composition. ¹H NMR and Independent Component Analysis (ICA) were 
used to resolve the overlapping acetyl signals of CS and DS. Samples of crude heparin and synthetic mixtures 
were measured on a 500 MHz high-field NMR and an 80 MHz benchtop instrument. The ICA yielded models with 
root mean square errors (RMSEs) ≤ 1.7 % w/w (500 MHz) and ≤ 2.1 % w/w (80 MHz) for the synthetic mixtures 
(concentration range of 3–19 % w/w for CS and 3–40 % w/w for DS). The accuracy of the ICA method was 
confirmed by the conventional enzymatic digestion method for crude heparin samples. While the 500 MHz model 
completely conformed with the results of the enzymatic method, the 80 MHz benchtop system is best suited for 
screening applications where impurity levels are from moderate to high. The ICA–NMR workflow surpasses the 
traditional enzymatic assay in speed and simplicity, and opens the way towards the development of an auto
mated and validated on‑site heparin quality control method.

1. Introduction

Heparin is a sulfated glycosaminoglycan, which is widely used as 
anticoagulant in clinical settings. Its purity is essential for therapeutic 
efficacy as well as safety, because contaminants like chondroitin sulfate 
(CS) and dermatan sulfate (DS) exhibit different modes of pharmaco
logical action leading to possibly unwanted effects [1]. Starting with 
crude heparin obtained most commonly from porcine intestinal mucosa, 
several precipitation, ion exchange, and degradation steps lead to pure 
heparin as well as related pharmaceutical products like danaparoid and 
sulodexide [1].

The similar disaccharide composition of heparin, DS and CS com
plicates their simultaneous analysis. Fig. 1 shows the most common 

disaccharide units of the three components. Heparin consists mainly of L- 
iduronic acid (IdoA) and D-glucosamine (GlcN), with a high degree of O- 
sulfates and N-sulfates. DS features repeating units of IdoA and 4-O- 
sulfated N-acetyl-D-galactosamine (GalNAc), while CS contains D-glu
curonic acid (GlcA) and GalNAc, typically sulfated at the 4- or 6-position 
[2].

To effectively monitor the complex separation and purification 
processes, fast and robust analytical methods are needed. The quantifi
cation of heparin in crude heparin material is possible via 1H qNMR 
using an internal standard, while also having the option to quantify 
water as well as ion concentrations like Ca2+, Na+ and Cl- using the same 
prepared sample [3,4]. Yet the quantification of CS and DS cannot be 
directly done from an 1H NMR spectrum as there are no 
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baseline-separated specific resonances. The European Pharmacopoeia’s 
compendial method relies on chondroitinases ABC and AC to enzymat
ically cleave CS/DS into disaccharides with ΔU4,5 unsaturated uronic 
acids at the reducing end, which are then quantified by UV absorbance 
against certified standards [5]. This tedious and time-consuming 
approach suffers from the indirect DS quantification, limited availabil
ity of standards and high cost of the enzyme material.

NMR spectroscopy has proven invaluable for heparin and heparinoid 
analysis [6–16]. 1H and diffusion-edited experiments have been used to 
assess molecular weight distributions [7], to trace animal and tissue 
origins of raw materials [8–10], to qualitatively screen for impurities 
[11,17], and to explore structure-property relationships [12]. For 
quantitative analysis, partial-least-squares regressions of 1H NMR 
spectra have been applied, demanding large representative calibration 
sets [13,14]. Two-dimensional heteronuclear single quantum correla
tion (HSQC) NMR offers improved resolution to obtain better signal 
separation of various saccharides, and has been applied to quantify 
heparin as well as CS and DS in danaparoid, yet it comes at the cost of 
long measurement times to obtain spectra suitable for quantitative 
analysis with sufficient sensitivity [15,16]. Despite the growing use of 
compact benchtop NMR systems in univariate and multivariate analysis, 
their application to heparinoid mixtures remains unexplored.

Besides multivariate regression methods to analyze complex mix
tures, Independent Component Analysis (ICA) is a powerful statistical 
technique to separate mixed signals into their underlying, statistically 
independent sources. In spectroscopic applications, ICA is employed to 
decompose complex spectral data into pure component spectra without 
prior knowledge of the mixing ratios. This is especially useful in 
resolving overlapping signals in multicomponent mixtures, enabling the 
identification and quantification of individual chemical species [18]. 
Even when the pure spectra/components are unknown or not available, 
ICA can be applied. This work proposes an approach to quantify CS and 
DS from crude heparins using conventional high-field NMR as well as 
benchtop NMR combined with ICA.

2. Experimental section

2.1. Samples and chemicals

Chondroitin sulfate sodium CRS Batch 3.0 was obtained from the 
European Directorate for the Quality of Medicines & Healthcare (EDQM, 
Strasbourg, France). Dermatan sulfate sodium was obtained from TCI 
Chemicals (Eschborn, Germany), dissolved in ultrapure water, and 
lyophilized to remove ethanol contamination. As the DS standard 
showed a contamination with CS, the CS content of the DS standard was 
determined by the enzymatic Ph. Eur. Method (see Section 2.3) using 
chondroitinase AC (16.3 % w/w). This concentration was taken into 
account for quantitative analysis.

Nine crude heparin samples provided by Spectral Service AG (Co
logne, Germany) were investigated. Four crude heparin samples were 
additionally spiked with varying amounts of the DS standard to obtain a 
higher concentration. The synthetic mixtures (n = 8) were prepared by 
mixing a pure heparin with varying amounts of CS and DS to obtain a 
total amount of 40 mg. The mixing ratios were varied to obtain DS 
contents from 2.7 % to 39.8 % (w/w) and CS contents from 3.1 % to 
18.7 % (w/w). The heparin sample contained no CS and DS, both ac
cording to the enzymatic method as well as to the NMR spectrum.

2.2. NMR spectroscopy

For NMR spectroscopy, 40 mg of the sample were dissolved in 0.6 ml 
of Cs-EDTA buffer solution (pH 9.0) containing 4 mg/ml benzoic acid (>
99.5 %, Sigma-Aldrich, Darmstadt, Germany) as internal standard. The 
buffer solution was prepared by dissolving approximately 2.9 g of EDTA 
and 6 g of Cs2CO3 and co-dissolving them in 100 ml of D2O + 0.002 % 
TMSP. The pH was adjusted to 9.0 using NaOD. For both NMR fre
quencies, the recycle delays were optimized to ensure a complete 
relaxation.

80 MHz benchtop NMR measurements were performed on a Spin
solve 80 Carbon Ultra Diffusion spectrometer (Magritek, Aachen, Ger
many). 256 scans were acquired using a 90◦ flip angle, an acquisition 
time of 3.2 s and a repetition time of 30 s.

High field (HF) 500 MHz NMR measurements were performed on a 
Bruker AVANCE III 500 MHz spectrometer (Bruker Biospin, Rheinstet
ten, Germany) fitted with a BBO Prodigy cryoprobe and equipped with a 
Bruker Automatic Sample Changer (B-ACS 120). 16 scans + 4 dummy 
scans were acquired using a 30◦ flip angle (zg30 in Bruker language), an 
acquisition time of 5.45 s, a time domain of 131k data points and a 
relaxation delay (D1) of 1 s.

The limit of detection (LOD) and limit of quantification (LOQ) were 
determined by measuring the signal-to-noise ratio (SNR) of CS and DS 
samples at low concentrations. The peak of the acetyl region at δ 1.9 – 
2.2 ppm was compared to the noise floor between δ -0.5 and -1.5 ppm. 
The LOD was calculated for a SNR of 3, the LOQ was calculated for a SNR 
of 10.

2.3. Enzymatic heparinoid determination

The CS and DS contents of the crude heparins were quantified ac
cording to the European Pharmacopoeia of danaparoid sodium [5]. In 
short, the samples were dissolved in tris-sodium acetate buffer solutions 
and incubated for 24 h at 37 ◦C with chondroitinase AC and chon
droitinase ABC, respectively. Afterwards, the UV absorbance of the 
diluted samples was measured at 234 nm using a Perkin Elmer Lambda 
365 (Rodgau, Germany).

3. Data analysis

Bruker Topspin 4.0.7 (Bruker Biospin, Rheinstetten, Germany) was 
used for 500 MHz spectra processing, MestReNova (Mestrelab Research, 
Santiago de Compostela, Spain) was used for the 80 MHz spectra. On the 
benchtop spectra, a line broadening of 0.3 Hz was applied. The 500 MHz 
spectra were apodized using LB = -0.2 Hz and GB = 0.1. The spectra 
were manually phased and manually baseline corrected.

Further processing was performed in R 4.5.1, using the packages 
pepsNMR and ica for preprocessing and modeling, and the tidyverse 
packages for data handling and plotting [19]. The spectra were bucketed 
using a width of 0.002 Hz, and the EDTA, residual H2O, free acetate, and 
ethanol signals were removed. The spectral intensity was normalized by 
dividing each datapoint by the exact sample weight and the integral of 
the internal standard benzoic acid. For the ICA of the acetyl region, a 
spectral window from δ 1.95–2.15 ppm was chosen for the 500 MHz 
spectra and δ 1.88–2.30 ppm for the 80 MHz spectra.

The ICA was calculated from all samples (synthetic mixtures and 

Fig. 1. Most prevalent disaccharides of heparin, dermatan sulfate, and chon
droitin sulfate.
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crude heparins) using the Joint Approximation Diagonalization of 
Eigenmatrices (JADE) algorithm with four components, with centering 
for the 500 MHz dataset, without centering for the 80 MHz dataset [20]. 
The response of the IC components was adjusted using a linear model of 
the synthetic mixtures to obtain the CS and DS contents.

4. Results and discussion

4.1. Comparison of 1H NMR spectra

The 1H NMR spectra of heparin, CS and DS at 500 MHz and 80 MHz, 
respectively, are shown in Fig. 2. For heparin, the anomeric proton 
signals (δ 5.2–5.5 ppm) do not overlap with CS or DS, enabling its direct 
quantification by integration [3]. The anomeric proton signals of CS and 
DS overlap with the signals of the other components in the mixture and 
the solvent signal, respectively. Over the whole spectrum there is a 
strong overlap for all signals of CS and DS, inhibiting direct quantifi
cation. In the N-acetyl region (δ 1.9–2.2 ppm), heparin shows a rather 
small signal, while CS and DS show more intensive signals indicating a 
higher degree of acetylation. In comparison to the signals from δ 3.0–5.0 
ppm, there is a smaller overlap in the N-acetyl region. Due to the lower 
resolution on benchtop devices, there is a stronger overlap between the 
signals than on the high field spectrometer.

The spectral profile of the components consists of multiple peaks, 
leading to a complex peak pattern that cannot be easily fitted by a 
deconvolution approach. To overcome this problem, ICA is applied, as it 
does not need any information on peak shape, position, or number.

As it can be seen in the preprocessed spectra (bucketed and 
normalized), the dataset does not include the pure components (Fig. 3). 
The peaks of DS (δ 2.08 ppm), heparin (δ 2.05 ppm) and CS (δ 2.04 and 
2.03 ppm) can still be identified in the 500 MHz dataset, but are over
lapping with each other, especially heparin and CS. In the 80 MHz 
dataset merely shoulders of the peaks of the pure components are 
identifiable, the mixture is much more convoluted. The real crude 
heparin samples have a lower intensity overall, also regarding the 
heparin signal, which indicates a lower total heparinoid content.

After the preprocessing of the NMR spectra, the only parameter that 
needs to be chosen for the ICA is the number of components to fit. While 
at least three components are needed to account for the three known 
components in the mixture (heparin, CS, DS), it is often advisable to fit 

more components that represent other constituents of the mixture or 
spectral artifacts like baseline offsets. Calculating more ICs than needed 
results in the decomposition of already pure components [21]. The ICA 
models were calculated from both the synthetic mixtures and the crude 
heparins. This enables the model to account for possible variability of 
the crude heparins, and to model possible additional signals that do not 
occur in the synthetic mixtures.

4.2. Independent component analysis for the 500 MHz spectra

For the 500 MHz data an optimal number of four independent 
components (ICs) was found, ICA signals with three and five ICs can be 
found in the supporting information (Figure S3 and S4). Instead of 
relying on a statistical criterion, the number of ICs were determined by 
chemical interpretability. Four ICs were found to be an optimum be
tween signs of under-decomposition (i.e. mixed negative and positive 
signals) and unnecessary splitting of the spectral profiles, and showed a 
good accordance of the ICs with the spectra of the pure substances. The 
IC signals (i.e., modeled component spectra) are shown in Fig. 4. It is 
visible that IC1 represents DS and IC3 represents CS. The other two ICs 
model two signals in the heparin region, which seem to vary in position 
in some of the crude heparin samples.

The two components corresponding to CS and DS were compared to 
the measured spectra of the standard materials in a spectral overlay 
(Fig. 5). The spectral shapes have a good match with the measured pure 
standards, which have not been included in the dataset (R = 0.97 for DS 
and R = 0.98 for CS).

The ICA is able to extract the constituents of a mixture, even with the 
overlap and complex spectral shape of individual compounds. In the DS 
spectra, there is a minor difference between measured and calculated 
signal in the CS region (δ 2.04 ppm and δ 2.03 ppm). This can be 
explained by a contamination of the DS standard with CS, which was 
confirmed using the enzymatic determination of CS using chon
droitinase AC.

Besides the individual signals, the ICA also outputs the mixing ratios 
of the ICs for the given samples. CS and DS have no completely defined 
structure, which means that the relation of the analyte signal intensity 
(normalized by the internal standard) and the analyte mass needs to be 
calibrated with standards. To not be dependent on a single standard 
measurement, this response was adjusted using the available synthetic 

Fig. 2. 1H NMR spectra of heparin, chondroitin sulfate and dermatan sulfate at 500 MHz and 80 MHz. The spectra are stacked for better visibility, peaks marked with 
asterisks indicate residual water and EDTA.

R. Burger et al.                                                                                                                                                                                                                                  Journal of Pharmaceutical and Biomedical Analysis 274 (2026) 117416 

3 



heparinoid mixture samples as the slope of the IC intensity vs the analyte 
content in % (w/w). Fig. 6 compares the content determined by ICA with 
the content from the enzymatic method for the crude heparin samples 
and the mixing ratios of the synthetic heparinoid samples, respectively. 
A linear dependence was found both for the DS and CS contents (R2 

= 0.991 for DS, R2 = 0.919 for CS), and the crude heparin samples are in 
good accordance with the synthetic mixtures. The ICA from 500 MHz 1H 
NMR spectra thus is a valuable alternative method to obtain information 
on the CS and DS content of crude heparin samples by a simple 1H NMR 
measurement. When looking at the results of the synthetic crude heparin 
mixtures, low root mean square errors (RMSE) of 1.2 % and 1.7 % (w/w) 
were found for DS and CS, respectively. Assuming only rather small 
weighing errors of the sample preparation (< 0.05 % w/w), these errors 

can be attributed to the precision of the ICA method.
For the crude heparin samples, RMSEs of 2.2 % and 1.4 % (w/w) 

were found for DS and CS, respectively (one sample was eliminated for 
the CS determination as it was < LOQ). LOQs of 0.15 % and 0.11 % w/w 

Fig. 3. Preprocessed 1H NMR acetyl region spectra of synthetic heparinoid mixtures and crude heparin. Dashed lines represent synthetic heparinoid mixtures; solid 
lines represent crude heparins. The HF NMR spectra are on top, the LF NMR spectra at the bottom.

Fig. 4. Resolved ICA spectra profiles for the 500 MHz dataset with 
4 components.

Fig. 5. Overlay of the calculated individual 1H NMR spectra from the ICA and 
the measured standard spectra at 500 MHz. The spectral intensities were scaled 
to 1.0 for better comparability.
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were found for DS and CS, respectively. The spectra used for LOD/LOQ 
determination can be found in the supporting information (Figure S5 
and S6). The error for CS is in the same range as for the synthetic 
samples, meaning a good accordance of the enzymatic quantification 
method with the ICA method. For DS, the deviations were slightly 
higher. Especially for the enzymatic quantification method of DS a 
higher method variance can be expected. As there is no enzyme avail
able which selectively digests DS, a difference between the enzymatic 
conversions of chondroitinase AC and chondroitinase ABC is calculated, 
doubling the possible variance in comparison to the rather direct 
determination of CS using chondroitinase AC [5]. Also, a complete 
enzymatic digestion must be ensured for all samples, which can be 
hindered either by lack of enzyme activity or by lyase-resistant oxidized 
oligomers, that influence the UV detection [16].

4.3. Independent component analysis for the 80 MHz spectra

For the 80 MHz data, an optimal number of four ICs was found. ICA 
spectral profiles with three and five ICs can be found in the supporting 
information (Figure S1 and S2). While three ICs did not separate the 
heparin, CS and DS signals, four ICs modeled the three components 

separately (Fig. 7). IC1 represents DS, IC3 represents CS, IC2 is in the 
region of the heparin acetyl signal. Additionally, IC4 seems to model a 
broad signal over the whole spectrum, just excluding the region of the 
peaks of DS, CS, and heparin, possibly representing different baseline 
heights. Due to the significantly lower resolution of the benchtop NMR 
spectra, both baseline subtraction issues as well as broad signal flanks 
can be expected.

The two components corresponding to CS and DS were compared to 
the measured spectra of the standard materials in a spectral overlay 
(Fig. 8). While the ICs can be clearly assigned to the two different bio
polymers, a discrepancy between the modeled and measured spectra can 

Fig. 6. Comparison of polysaccharide content determined by ICA at 500 MHz with the reference method. For the crude heparins, the enzymatic method was used as 
reference, for the synthetic heparinoid mixtures the mixing ratios were used. The diagonal line is an optical aid with y = x. R2 = 0.97 for DS, R2 = 0.94 for CS.

Fig. 7. Resolved ICA profiles from the 80 MHz dataset with 4 components.

Fig. 8. Overlay of the calculated individual 1H NMR spectra from the ICA and 
the measured standard spectra at 80 MHz. The spectral intensities were scaled 
to 1.0 for better comparability.

R. Burger et al.                                                                                                                                                                                                                                  Journal of Pharmaceutical and Biomedical Analysis 274 (2026) 117416 

5 



be seen (R = 0.82 for DS and R = 0.82 for CS). The modeled components 
are narrower than the measured spectra, and in the region of strong 
overlap between CS and DS (δ 2.0 ppm to δ 2.1 ppm) the calculated and 
measured spectral profiles do not match. While the ICA was perfectly 
able to separate the signals in the 500 MHz domain, the overlap and 
generally less defined spectral features seem to impair the modeling of 
the components at 80 MHz, leading to a lower specificity of the method.

Similarly to the 500 MHz data, the ICA response of the 80 MHz 
model was adjusted to the polysaccharide contents using the synthetic 
heparinoid mixtures. It was found that a response correction using only 
the slope of the IC intensity vs the analyte content did not sensibly match 
all the datapoints and an intercept was needed. This implies that the ICs 
not only fit the individual components but also an underlying signal that 
is still present at zero concentration of CS and DS, respectively. This is 
probably a part of the baseline or broad underlying signal that is not 
represented in IC4. In theory, the ICA should separate such underlying 
signals, yet here the decomposition was not completely successful which 
can already be seen at the modeled vs measured signals of DS and CS. 
With this intercept adjustment, a good accordance between determined 
content by ICA and the reference content was found for all reference 
samples (R2 = 0.97 for DS, R2 = 0.89 for CS), (Fig. 9), leading to RMSEs 
of 2.1 % and 1.6 % (w/w) for DS and CS, respectively. These errors are 
similar to the errors found in the 500 MHz models (1.2 % and 1.7 % (w/ 
w) for DS and CS, respectively).

Looking at the crude heparin samples, higher deviations were found. 
For the DS determination of the crude heparin samples, a RMSE of 5.2 % 
w/w was found, especially the samples with low concentrations of 
< 10 % w/w show the highest errors (Fig. 9). Similarly, for the CS 
determination of the crude heparin samples, an error of 2.3 % w/w was 
found (5 samples were eliminated due to their concentration being <
LOQ). LOQs of 0.9 % and 0.6 % w/w were found for DS and CS, 
respectively. The spectra used for LOD/LOQ determination can be found 
in the supporting information (Figure S7 and S8). While samples with 
reference contents > 2.5 % w/w had satisfactory deviations, the samples 
with lower concentrations deviate stronger. The estimated LOQ values 
are fairly low, but the determination via SNR does not take the ICA into 
account. The measurement itself is rather sensitive, but the limited 
resolution of the low field spectra leads to errors in the ICA. Overall, the 
ICA could not completely resolve the individual components, as seen in 
Fig. 8. At lower analyte amounts this seems to have a larger impact on 

the quantification. At concentrations near zero, some DS and CS con
tents obtained by ICA were negative. This is not due to the IC content 
itself being negative, but due to the intercept that was needed in the ICA 
response to DS or CS content calibration. The baseline issues described 
above for the synthetic mixtures seem to be problematic for some 
samples with already low heparinoid content and no other underlying 
signal, as here this correction leads to errors.

It must be noted that the 80 MHz spectra are on the limit regarding 
the resolution and sensitivity needed for this application. Especially for 
low CS and DS contents, this leads to larger deviations between the 
content determined by ICA and the content determined by the enzymatic 
method. Critically, measurements in the ultra-low range fall below 
practical detection limits, as the method cannot reliably distinguish true 
analyte absence from trace amounts. As the deviations between ICA and 
enzymatic method were lower for the 500 MHz model, one can attribute 
the larger errors at 80 MHz to the lower performance of the benchtop 
device, and not to a general difference between the enzymatic and ICA 
method (Table 1).

The 500 MHz NMR provides excellent resolution of the acetyl region, 
enabling the ICA to extract the pure component spectra that match the 
measured standards (Fig. 5). The quantification of synthetic mixtures as 
well as the crude heparin samples gave low RMSEs. When regarding the 
reported precision of the pharmacopeial enzymatic method (1.3 % w/w 

Fig. 9. Comparison of polysaccharide content determined by ICA at 80 MHz with the reference method. For the crude heparins, the enzymatic method was used as 
reference, for the synthetic mixtures the mixing ratios were used. The diagonal line is an optical aid with y = x. R2 = 0.92 for DS, R2 = 0.88 for CS.

Table 1 
RMSE comparison of the 500 MHz and 80 MHz ICA models.

NMR 
frequency

Sample 
set

RMSE of DS 
determination 
in % w/w

Content 
range of 
DS in % 
w/w

RMSE of CS 
determination 
in % w/w

Content 
range 
of CS in 
% w/w

500 MHz Synth. 
Mix

1.2 1.0 – 
39.8

1.7 0.1 – 
18.7

Crude 
Heparins

2.2 1.3

80 MHz Synth. 
Mix

2.1 1.6

Crude 
Heparins

5.2 2.3

For the crude heparins, the RMSE was calculated using the enzymatic method as 
reference, for the synthetic heparinoid mixtures the mixing ratios were used.
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for DS and 1.0 % w/w for CS [14]), the 500 MHz ICA method delivers 
excellent results over the investigated concentration range, including 
trace impurities. In contrast, the benchtop 80 MHz NMR spectra show 
broader, more overlapped peaks, which reduces the amount of spectral 
information available to the ICA algorithm. Thus, the modeled ICA 
signals deviate partially from the measured pure substances. While the 
model yields satisfactory results at higher DS and CS concentrations, 
higher errors can be expected at low impurity levels (< 10 % w/w DS or 
< 2.5 % CS w/w). Consequently, the benchtop NMR system is best 
suited for screening applications, where impurity levels are moderate to 
high. It provides a rapid, low‑cost alternative when the stringent accu
racy required for release testing is not required.

Beyond the differences in performance, both NMR ICA approaches 
offer clear advantages over the traditional enzymatic assay. First, the 
analytical workflow is dramatically faster, a simple 1H NMR experiment 
without complex sample preparation replaces the multi‑step enzymatic 
digestion including calibration for each run, UV measurement, and 
differential calculation required for DS. This reduces total analysis time 
and eliminates the need for costly and labile enzymes. The method does 
not rely on the completeness of enzymatic hydrolysis, avoiding biases 
caused by incomplete digestion, lyase‑resistant oxidized oligomers. In 
contrast to methods relying on partial-least-squares regressions, no large 
sample sets are needed for the model calibration [13,14]. Using the same 
sample, NMR analysis can simultaneously yield quantitative informa
tion on heparin, CS, DS, and inorganic ions (Ca2+, Na⁺, Cl⁻), providing a 
comprehensive quality‑control [3,4]. Moreover, NMR provides com
plementary screening of potential new impurities in crude heparin 
materials.

5. Conclusion

In summary, ICA applied to 1H NMR spectra presents a rapid alter
native for the quantification of CS and DS in heparin raw material, 
without the need of a digestion or derivatization step. The high‑field 
500 MHz NMR platform delivers a high accuracy required for low con
centrations, while the benchtop 80 MHz NMR instrument extends the 
methodology to decentralized or resource‑limited settings where mod
erate to high concentrations are expected. Both platforms surpass the 
traditional enzymatic assay in speed, and simplicity, and they open the 
way towards automated, on‑site heparin quality control. Nevertheless, 
the present study is intended as a proof-of-concept demonstrating the 
analytical feasibility of the NMR-ICA approach. Comprehensive method 
validation, including accuracy, precision, sensitivity, robustness, and 
inter-laboratory reproducibility will be required before the method can 
be considered for application in a regulated environment.
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